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ABSTRACT 
 
Development of leg motor neurons 






Drosophila larval and adult stage forms are very different. Drosophila 
larvae move using undulatory body muscle contractions, while adult flies walk 
and fly using legs and wings. Leg motor neurons control multi-jointed leg 
movement by coordinately regulating leg muscle contractions. With the aim of 
understanding how Drosophila leg motor neurons are specified, in Chapter One, I 
give a general introduction of the mechanisms that regulate motor neuron 
generation and specification.  
 
In Chapter Two, I show that adult Drosophila leg motor neurons are mostly 
generated de novo during larval stages in a lineage dependent manner. Although 
leg motor neurons are born from 11 lineages, nearly two thirds of leg motor 
neurons are born from two major lineages: Lin A and Lin B. I describe the 
individual leg motor neuron birth orders, axonal and dendritic morphologies by 
using single cell labeling methods. Each motor neuron that has unique axonal 
targeting and dendritic architecture is born in a stereotypic birth order from a 
specific lineage. Leg motor neurons targeting similar muscles share dendritic 
territory in the CNS and subsequently form a dendritic myotopic map in the CNS. 
These findings provide critical information about how individual leg motor 
neurons are generated, and how individual leg motor neuron axons and 
dendrites look like.   
 
In Chapter Three, I describe the results of a candidate gene approach. In 
vertebrate systems, Hox genes and Hox cofactors regulate spinal cord motor 
neuron identity. Although much work has been done addressing the function of 
Hox genes and Hox cofactors in vertebrate motor neuron development, the 
function of Hox genes and Hox cofactors in motor neuron dendritic arborization 
has not been clearly addressed. With this aim in mind, I describe the function of 
Hox genes and Hox cofactors in Drosophila leg motor neuron development by 
removing Hox genes and Hox cofactors in both entire lineages and individual 
motor neurons. I show that Hox genes and Hox cofactors are required for motor 
neuron survival, and proper axonal and dendritic targeting.  
 
In Chapter Four, I discuss about how segmental and temporal identities of 
leg motor neurons are specified and how the axonal targeting of leg motor 
neurons at the early stage is achieved. 
  
Finally, in the Appendix, I show my attempts to find leg motor neuron 
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Animals exhibit a diverse array of behaviors that range from complex 
social behavior in bees and in other species to the relatively simpler locomotion. 
Animal behaviors are controlled by the nervous system. Merely a century ago, 
Ramón y Cajal found that the nervous system is not a continuous system but 
consists of different types of interconnected neurons (Fig. 1.1). Motor circuits, 
which control locomotion by regulating coordinated muscle contractions, are 
composed of diverse cell types: interneurons, sensory neurons, and motor 
neurons. Motor neurons receive input from other cells in the central nervous 
system (CNS) and deliver motor commands to the muscles in the periphery.  In 
order to perform their functions; 1) correct synaptic inputs need to be delivered to 
the motor neurons in the CNS, 2) motor neurons need to find correct muscle 
targets in the periphery. Motor neurons have to be located or wired in a correct 
place and at a correct time for making proper connections. I give brief overview 
how motor neuron characteristics are regulated. 
 
1.2 The French vs. American flag model  
 
Lineage and temporal identity 
Neurons are born from neuronal progenitor cells. Neuronal identities might 







Figure 1.1 Morphological diversity in neurons.  
The nervous system is composed of neurons with diverse morphologies, as 
depicted in the drawing of the cells of the chick cerebellum  























determined intrinsically. In this model, progenitors produce invariant types of 
neurons from animal to animal. Specific progenitors produce specific types of 
neurons or progenitors produce multiple types of neurons. Second, neuronal 
identities might be determined by their local microenvironment. Cell-cell 
interactions or locally secreted molecules instruct neurons specified into specific 
type of neurons. In both cases, a specific type of neurons might be generated in 
a specific place at a specific time in the CNS.  
 Sometimes both mechanisms are used to specify neuronal identities. In 
C.elegans, in which cell fate seems to be determined exclusively cell- 
intrinsically, cell-cell interactions are important for determining cell fate of vulva 
precursor cells (VPCs) (Greenwald, 1989).  
 
C.elegans produces most cell types in a lineage dependent manner 
(SULSTON, 1977; Sulston et al., 1983). C.elegans produces 302 neurons; 
among them are 80 MNs in the ventral nerve cord (White et al., 1976). These 80 
MNs targeting 63 body wall muscles (Moerman and Fire, 1997),  can be grouped 
into 8 classes: DA, DB DD, and AS classes target dorsal muscles; VA, VB, VC, 
and VD classes target ventral muscles (Fig. 1.2). Each motor neuron is 
generated in a strictly lineage dependent manner during embryonic stages or 
post-embryonic stages. DA, DB, DD motor neurons are derived from different 
lineages during embryonic stages. Ventral MNs (except DB2) are all derived from 
the same lineage, P-cell derived 13 blast cells, post-embryonically (Sulston et al., 
1983). 13 neuroblasts are positioned along the anterior-posterior (A/P) axis of 
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C.elegans. Each NB produce nearly identical set of motor neurons: VA, VB, VC, 
AD, and AS. There is subtle variance in progeny identities among neuroblasts 
along the A/P axis. Hox genes, ceh-13, lin-39, mab-5, and nob-1, egl-5, and php-
3, homolog of Drosophila labial, Sex comb reduced, fushi tarazu, and Abd-B, 
respectively, are expressed along the body axis and might be involved in 
regulating A/P axis progeny identity (Salser et al., 1993; Vonstetina et al., 2005; 
Austin et al., 1993). 
 
Like those in C.elegans, Drosophila motor neuron identities are specified in a 
lineage dependent manner. In insects including Drosophila, neurons are 
generated from neuronal progenitors, neuroblast (NBs), derived from the ventral 
neuroectoderm (Jessell, 2000; Doe and Goodman, 1985). Neuroectodermal cells 
are predetermined by temporal and spatial cues, become neuroblasts (NBs). 
Drosophila embryos have about 30 NBs that generate around 350 progeny in 
each hemi-segment. Each NB can be identified by the cell body position, the 
progeny, and molecular markers (Doe, 1992; Broadus et al., 1995). 30 NBs are 
arranged into 5 columns and 7 rows in each hemisegment. Each NB identity 
seems to be regulated by the expression of genes in the neuroectoderm. A/P 
NBs identities are regulated by gooseberry distal (gsb-d) (Skeath et al., 1995), 
achaets/scute proneural genes (Skeath and Doe, 1996), wingless (Chu-LaGraff 
and Doe, 1993), and hedgehog (hh) and engrailed (en) (McDonald and Doe, 
1997). Wg is secreted from row 5 NBs and regulate the specification of row 4 and 
6 NBs. Dorso-ventral (D/V) NBs identities are partially regulated by ventral	  
	  
nervous system defective (vnd) (Weiss et al., 1998), intermediate neuroblast 
defective (ind) (Weiss et al., 1998), muscle segment homeobox (msh) (Isshiki et 
al., 1997) transcription factors. Vnd represses the Ind function, and Ind represses 
the Msh function; in ind loss of function mutant, intermediate neuroectoderms are 
transformed to dorsal neuroectoderms.  In some NBs, each NB produces multi 
types of progeny; interneurons, motor neurons, and glia (Bossing et al., 1996; 
Schmidt et al., 1997). The progeny from each NB is born in a stereotypic birth 
order. This temporal regulation of progeny generation is partly governed by 
sequentially expressed transcription factors (Isshiki et al., 2001). The 
transcription factors, hunchback (hb), Kruppel (Kr), pdm, and castor (cas), are 
sequentially expressed and cross regulate each other's expression in NBs. 
These transcription factors regulate NB temporal identity by restricting the NB 
competence (Pearson and Doe, 2003). However, these temporal identity 
regulators do not specify the neuronal identity by themselves. Different NBs 
within the same temporal window produce different types of progeny indicating 
that progeny identity is determined by the NB identity and not solely by the 
temporal identity. 
 In other CNS regions of Drosophila, temporal regulations of neuronal 
identity are also observed. In the Drosophila mushroom bodies (MBs), structures 
in the brain that are important for olfactory learning and memory, each of four 
mushroom body NBs produces an identical set of MB neurons in a temporally 
regulated manner: γ → α′/β′ → pioneer α/β → α/β neurons (Lee and Lee, 1999). 





Figure 1.2 Motor neurons and combinatorial transcription factor codes. 
(a-d) Each motor neuron type is color-coded. 
 
(a) In C.elegans, three dorsal types (bottom) of motor neurons are born during 
embryogenesis and four ventral types of motor neurons are generated during L1 
stage (top).  
 
(b) In Drosophila embryos, around 40 motor neurons target around 30 muscle 
fibers in each hemisegment. Each motor neurons use one of the three major 
nerves to exit from the CNS: the intersegmental nerve (ISN), segmental nerve 
(SN), and transverse nerve (TN). ISN motor neurons target dorsal body wall 
muscles. SN motor neurons (ISNb, ISNd, SNa, and SNc) target ventral and 
lateral body wall muscles.  
 
(c) In zebrafish embryos, three classes of primary motor neurons exist: Rostral 
(RoP), medial (MiP), and caudial/variable (CaP/VaP) primary. 
 
(d) In the chick/mouse thoracic level spinal cord, three classes of motor neurons 
are located: the medial motor column (MMCm or MMC) targeting axial muscles, 
hypaxial motor column (MMCl or HMC) targeting hypaxial muscles, and 
preganglionic column (PGC) targeting sympathetic ganglia.  
 















MB neurons by being highly expressed in γ neurons and gradually decreased in 
the other MB neurons (Zhu et al., 2006). Although the temporal identity factor has  
not been identified, the choice of dendritic target sites by projection neurons 
(PNs), which deliver olfactory signals from olfactory neurons to higher brain 
regions, is determined by lineages and the birth order (Jefferis et al., 2001).  
 
In the vertebrate CNS, lineage dependent neuronal specification is less 
well established than in invertebrates.  In the vertebrate spinal cord, neurons are 
generated from neuronal progenitors derived from the dorsal neuroectoderm 
(Jessell, 2000; Doe and Goodman, 1985). In vertebrates, a sheet of relatively 
uniform ectodermal cells becomes specified into the neural plate and eventually 
forms the neural tube. Vertebrate spinal motor neurons are generated from 
progenitors located in a specific dorso-ventral domain of the neural tube. Five 
progenitor domains are formed within the spinal cord by the graded action of 
sonic hedgehog (shh) secreted from the floor plate and notochord (Jessell, 
2000). V0 – V3 interneurons are born from p0-p3 progenitors, and motor neurons 
are born from pMN progenitors. The pMN progenitor domain is specified by 
intermediate levels of Shh. Shh regulates the expression of Class I and Class II 
transcription factors. Repressive interactions between Class I and Class II 
transcription factors set up the progenitor domains in the neural tube. Three HD 
transcription factors, Nkx6.1, Nkx2.2, and Irx3, establish the pMN domain.  
Although the temporal identity regulators have not been identified in spinal 
cord motor neuron generation, a correlation between limb motor neuron birth 
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order and their identities has been observed; early born spinal cord limb motor 
neurons located medially become motor neurons targeting ventral limb muscles, 
and later born motor neurons located laterally become motor neurons targeting 
dorsal limb muscles. Early born limb motor neurons express RALDH2 and 
secrete retinoids. The retinoids regulate not only progenitor cell proliferation but 
also the identity of later born limb motor neurons (Sockanathan and Jessell, 
1998).   
In vertebrates, temporally regulated cell type specification is also observed 
in other regions. In the mammalian brain, temporal regulation of neuronal 
identities has been observed. In the cerebral cortex that consists of 6 layers, 
early born neurons are located in the deepest layer and later born neurons are 
positioned in superficial layers (Angevine and Sidman, 1961). In the vertebrate 
retina, mutipotent progenitor cells produce six types of neuron and one type of 
glia in a specific temporal order: first, ganglion cells, and rods, bipolar cells, and 
last Muller glia (Livesey and Cepko, 2001).  
 
1.3 Transcription factor codes 
 
C.elegans motor neurons in the VNC can be grouped into two: the V 
group of motor neurons targeting Ventral body muscles; the D group of motor 
neurons targeting Dorsal body muscles (White et al., 1976). V group MNs are 
born during L1 larval stages, and D group MNs are born during embryonic 
stages. Each group of motor neurons can be subdivided into classes based on 
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their axonal and dendritic targeting: A, B, and C for V group of motor neurons; A, 
B, C, and D for D group of motor neurons. Combinatorial expression of 
transcription factors regulates each class MN specification. Subset of V group 
MNs express pag-3, a homolog of mammalian Gfi-1 and Drosophila senseless 
(Cameron et al., 2002). cnd-1,a bHLH transcription factor and a homolog of 
vertebrate NeuroD, is expressed in D group motor neurons (Hallam et al., 2000). 
Both genes are expressed in both progenitors and postmitotic neurons. In cnd-1 
mutant worms, the number of motor neurons targeting dorsal body wall muscles 
is reduced. In pag-3 mutants, VA and VB neurons undergo apoptosis, and 
additional VC neurons are generated. Other transcription factors regulate late 
stage motor neuron development, such as axonal targeting and neurotransmitter 
synthesis. lin-11, a LIM homeobox gene and a homolog of vertebrate lim1, is 
specifically expressed in VC neurons (Hobert et al., 1998). In lin-11 mutants, VC 
neurons are generated but have axonal fasciculation defects.  unc-3, an O/E 
family transcription factor, is expressed in many VNC motor neurons. In unc-3 
mutant worms, motor neurons have axonal targeting defects and fasciculation 
defects (Prasad et al., 1998).  unc-30, a HD transcription factor, is expressed in 
inhibitory GABAergic D classes and is required for terminal differentiation, 
including axonal pathfinding and GABA neurotransmitter synthesis (Jin et al., 
1994). Ectopic expression of unc-30 induces GABA expression in some non-
GABAergic neurons. VD and DD motor neurons have similar characteristics that 
are regulated by unc-30 while they have different synaptic patterns. unc-55, a 
nuclear hormone receptor, is expressed in VD motor neurons and is required for 
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proper synaptogenesis (Zhou, 1998). In unc-55 mutants, VD motor neurons 
behave like DD motor neurons in synaptogenesis. Most VA and VB motor 
neurons are born from a common progenitor but have different synaptic inputs. 
unc-4, a HD transcription factor, is expressed in A classes; ceh-12, an hb9 
homologue, is expressed in VB motor neurons (Miller, 1995; White et al., 1992). 
unc-4 interacts with unc-37, a grouch-like transcription repressor, suppresses 
ceh-12 expression in VA neurons (Pflugrad et al., 1997). unc-4 and unc-37 also 
suppress DB motor neuron identities in DA motor neurons while vab-7, an even-
skipped homologue, is expressed in DB motor neurons and suppress DA motor 
neuron identities by suppressing unc-4 expression (Esmaeili et al., 2002) 
 
Some of the molecular mechanisms regulating C.elegans motor neuron 
specification are applied to Drosophila motor neuron identity specification. In 
Drosophila embryos, around 31 motor neurons target 30 muscles in each hemi-
segment (Bossing et al., 1996). Embryonic motor neurons use two main 
pathways to send out axons to the periphery where the muscles are located: the 
intersegmental nerve (ISN) and the segmental nerve (SN). These two nerves are 
further subdivided into five branches: the ISN, SNa, SNb, SNc and SNd (Fig. 
1.2). The ISN motor neurons target dorsal body muscles and the other motor 
neurons target ventral or lateral body wall muscles. The D/V axonal pathway is 
regulated by some of the transcription factors. even-skipped (eve) is expressed 
in motor neurons targeting dorsal body wall muscles, and islet, lim3, and Hb9 are 
expressed in motor neurons innervating ventral and lateral body wall muscles. 
13
	  
eve is necessary and sufficient for motor neurons to target dorsal body wall 
muscles (Landgraf et al., 1999). islet, lim3, and Hb9 expression is overlapped in 
subsets of motor neurons (Thor and Thomas, 1997). In islet mutants, SNd motor 
neurons show axonal targeting defects (Thor and Thomas, 1997).  In lim3 and 
hb9 mutants, SNb motor neurons have axonal targeting defects; in lim3 mutants, 
SNb motor neurons tend to behave like SNd motor neurons and in Hb9 mutants, 
SNb motor neurons are not defasciculated from the ISN nerve (Broihier and 
Skeath, 2002; Odden et al., 2002). Like in those in C.elegans, eve and hb9 
suppress each other's expression; eve suppresses hb9 in a Groucho dependent 
manner. ISN motor neurons, aCC, RP2 and U motor neurons, express eve, zfh1, 
and grain (Garces and Thor, 2006). However, eve->grain->zfh1 hierarchical 
interaction is crucial only for aCC motor neuron specification.  
 
Vertebrate spinal cord motor neurons are organized in a topographic 
manner; cell body positions are correlated with their axonal trajectory and target 
muscles (Landmesser and Pilar, 1978; Hollyday and Hamburger, 1977). MNs are 
specified into columnar, divisional, and pool identities. In the brachial level of the 
spinal cord, MNs targeting axial muscles form the medial motor column (MMC), 
and MNs targeting limb muscles form the lateral motor column (LMC). The LMC 
is further organized into the LMC-lateral (LMCl) and the LMC-medial (LMCm); 
LMCl motor neurons target dorsal limb muscles, and LMCm motor neurons target 
ventral limb muscles. MNs innervating individual muscles are organized into pool 
identities. Once spinal cord motor neurons are born from motor neuron 
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progenitors, they acquire generic motor neuron characteristics; MNs express 
acetylcholine as a primary neurotransmitter and send out axons through the 
ventral root in the neural tube. Once MNs are born from progenitors, MNs 
express several homeodomain transcription factors, including Hb9, Lhx3, and 
Islet1/2. Hb9 is mainly expressed in postmitotic motor neurons and consolidates 
the motor neuron identity by suppressing the V2 interneuron program (Arber et 
al., 1999). Islet1, a LIM HD transcription factor, is expressed in postmitotic motor 
neurons and is required for the survival of postmitotic motor neurons (Pfaff et al., 
1996). Lhx3/4, Lim HD transcription factors, are transiently expressed in motor 
neuron progenitors and are required for the specification of motor neurons 
(Sharma et al., 1998). Later on, motor neurons become specified into subtype 
neuronal identities and are organized into a topographic map. Columnar and 
divisional identities of spinal cord motor neurons can be defined by the 
expression patterns of Islet1/2 and lim1/3 (Tsuchida et al., 1994). LMCl motor 
neurons that target dorsal limb muscles, express isl2 and transiently isl1 and 
lim1; LMCm motor neurons targeting ventral limb muscles, express isl1 and isl2; 
MMCl MNs express isl1 and isl2; MMCm MNs express isl1, isl2, and lim3. Motor 
neuron pool identities can be distinguished by combinatorial expression of 
transcription factors, including Runx1, Pea3, Scip, and Nkx6 (Dasen and Jessell, 
2009).  
Unlike C.elegans and Drosophila embryos, in which nearly identical sets 
of motor neurons are generated in multiple body segments to regulate simple 
undulatory movement, legged vertebrates need to have an additional set of 
15
	  
motor neurons to regulate limb movements. In the legged-vertebrates, different 
sets of motor columns are generated along the spinal cord: the LMC in forelimb 
and hind limb levels, the hypaxal motor column (HMC) and preganglionic column 
(PGC) in the thoracic level, and the MMC along the entire length of the spinal 
cord. Hox genes and Hox cofactors regulate motor neuron columnar identities 
and further MN pool identities. Hox6 paralogs, Hox9 paralogs, and Hox10 
paralogs determine brachial, thoracic, and lumbar level motor neurons columnar 
identities, respectively. Combinatorial expression of 21 Hox genes, Hox 
cofactors, and FoxP1, a Hox accessory factor, regulates subtype identities of 
spinal cord motor neurons (Dasen et al., 2005; 2008).  
 
1.4 Motor neuron axonal targeting  
 
Once MNs are born, MNs send out axons to their target muscles in the 
periphery. How do MNs find their correct target muscles? MN growth cones 
navigate to find their correct targets. Motor neuron growth cones need to 
navigate long distances to find their muscle targets. During this journey, MN 
growth cones need to select which way to go at many sites. There are different 
levels of decisions that motor neurons need to make. Cell-cell contacts, short 
distance diffusible signals, or long distance diffusible signals are involved in 




In C.elegans, the cell bodies of motor neurons that target body wall 
muscles are located in the VNC. Motor neurons targeting dorsal body wall 
muscles need to send out axons dorsally. Signals secreted from the ventral and 
dorsal sides of the CNS regulate motor neuron axonal pathways. UNC-6/netrin, a 
secreted molecule from the ventral side of the CNS, is recognized by motor 
neurons expressing the netrin receptors, Unc-5 and Unc-40/DCC, and motor 
neuron axons are repelled from the ventral side to the dorsal side by that 
recognition (Chang et al., 2004).  Unc-129, a TGF-beta family protein, is secreted 
from dorsal body wall muscles and attracts axons of MNs that target dorsal body 
wall muscles (Colavita et al., 1998). 
 
In the Drosophila embryonic CNS, most of the motor neuron axons do 
not cross the CNS midline. Secreted signals from the midline regulate motor 
neuron axonal midline crossings. Slit is an extracellular matrix protein, secreted 
by the midline glia. Slit is used as a repulsive signal from the midline. In slit 
mutant embryos, motor neuron axons approach to the midline ectopically (Kidd et 
al., 1999). Slit signals are recognized by the slit receptor, roundabout (robo). In 
robo mutant embryos, motor neuron axons ectopically cross the midline of the 
CNS (Kidd et al., 1998). Robo protein levels are regulated by commissureless 
(comm), a binding partner for the ubiquitin ligase (Keleman et al., 2002). In comm 
mutant embryos, motor neuron axons that normally cross midline, do not cross 
midline (Tear et al., 1996). Netrin, a secreted protein from the midline, functions 
as an attractant signal (Harris et al., 1996). frazzled, a member of the DCC 
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immunoglobulin superfamily, is a receptor for netrin and regulates axon guidance 
in the CNS (Kolodziej et al., 1996). 
Later on, Drosophila embryonic MNs axons exit the CNS through two 
nerves: the ISN and SN nerves. The ISN nerve goes to the dorsal muscle field 
while it is defasciculated into the SNb nerve that targets ventro-lateral muscles 
and the SNd nerve that targets most ventral muscles. The SN nerve is 
defasciculated into the SNa that targets lateral muscles and the SNc nerve that 
targets ventral muscles of the external side (Johansen et al., 1989).   
Several MN axons are fasciculated into specific nerve for exiting the CNS 
and later on, are defasciculated to choose their target muscles. Some molecular 
pathways are known to play a role in axonal fasciculation and defasciculation. 
Overexpression or loss of function mutations of Fasciclin II (Fas II), a cell 
adhesion molecule (CAM), in motor neuron axons prevents axonal 
defasciculation or triggers axonal defasciculation, respectively (Lin et al., 1994; 
Lin and Goodman, 1994). Mutations in beaten-path (beat) that encodes a 
secreted protein and is expressed in motor neurons, induce defasciculation 
defects (Fambrough and Goodman, 1996).  Mutations in Semaphorin 1a (Sema 
1a) that encodes a transmembrane semaphorin and a member of the family of 
glycoproteins, trigger defasciculation defects in motor axons (Yu et al., 1998). 
Mutations in Plexin A that encodes the receptor for sema 1a, induce motor 
neuron defascicuclation defects (Winberg et al., 1998).  
Once MN axons approach to their target muscle fields, they need to 
choose their correct muscle targets. Combinatorial interactions among Fas II, 
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sema, and netrin A and B signaling pathways are important for selecting correct 
target muscles (Davis et al., 1997; Winberg and Mitchell, 1998). When motor 
neuron axons choose their target muscles, Fas II is highly expressed in motor 
neuron growth cones and is weakly expressed in entire muscles and this 
expression pattern prevents growth cones make synapses onto nearby non-
target muscles. Sema is expressed in entire muscles and acts as a repellent to 
prevent non-specific muscle targeting. Net A and B are expressed in a subset of 
muscles and act as an attractant for growth cones. There seems to be no single 
molecular cue for guiding individual axons to their target muscles, rather a 
balance between attractive and repulsive signals seems to be important in 
regulating target selection.  
 
Similar molecular mechanisms are applied in the vertebrate motor neuron 
system. Vertebrate motor neurons choose between a dorsal trajectory (dMN) and 
a ventral trajectory (vMN) in the neural tube. Most spinal cord MNs are vMNs, 
while hindbrain MNs are dMNs. How do motor neurons select an initial pathway 
to exit the neural tube ventrally or dorsally? The Cxcl12-CXCR4 chemokine 
signaling pathway is important for vMNs to choose a ventral trajectory (Lieberam 
et al., 2005). CXCR4, a G-protein coupled receptor, is transiently expressed in 
vMNs and its chemokine ligand Cxcl12 is expressed in the mesenchymal cells 
surrounding the ventral neural tube. During early stages of axonogenesis, motor 
neuron cell bodies are prevented from exiting the neural tube by the neural crest 
cell derived boundary cap (BC) cells. Semaphorin 6A is expressed by BC cells, 
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thereby repelling MN cell bodies that express semaphorin receptors, Neuropilin-2 
and Plexin-A2 (Bron et al., 2007; Mauti et al., 2007). Later on, spinal cord MNs 
axons following a common pathway, are segregated into subtype specific 
pathways; the MMC turns dorsally, the PGC turns ventrally, and the LMC goes 
into limb fields. How do the different columnar motor neurons choose different 
pathways? MMC motor neurons target axial muscles. During development, 
dermatomyotome secretes FGFs that work, in this case, as long-rage 
chemoattractants. MMC motor neurons express FGF receptor 1 and recognize 
FGFs signals from the dermatomyotome and are attracted to the dorsal field 
(Shirasaki et al., 2006). MMC MNs also receive repellent signals from the dorsal 
root ganglion (DRG) sensory neurons on the way to axial muscles. DRG sensory 
neurons express ephrin As. MMC motor neurons express ephirin As receptors, 
EphA3 and A4. MMC MNs recognize ephrin A repellent signals, and stay away 
from the DRG (Gallarda et al., 2008). LMC motor neurons maintain their pathway 
into limbs. LMC motor neuron axons are tightly fasciculated until they are 
separated into the dorsal pathway and ventral pathway in the limb plexus. LMCl 
motor neurons choose the dorsal root and target extensor muscles located in the 
dorsal limb. LMCm motor neurons choose the ventral root and target flexor 
muscles located in the ventral limb. What are the molecular mechanisms 
underlying these segregations? Ventral limb mesenchymal cells express ephrin 
As. LMCl motor neurons that express Eph A4, recognize ephrin repellent signals, 
and turn away from the ventral limb (Kania and Jessell, 2003). Glia cell derived 
growth factor (GDNF) is highly expressed in a subset of dorsal limb 
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mesenchymal cells. LMCl motor neurons express high levels of Ref, a GDNF 
receptor, and are attracted to the dorsal mesenchyme in the limb (Kramer et al., 
2006). On the other hand, dorsal limb mesenchymal cells express ephrin B4 and 
repel axons from LMCm that express Eph B1, the receptor for ephrin B4 (Luria et 
al., 2008). Semaphorin 3F is also expressed in dorsal limb mesenchymal cells 
and repels axons from LMCm motor neurons that express the semaphorin 
receptor, Neuropilin-2 (Huber et al., 2005).  
 
1.5 Motor neuron dendritic targeting  
 
Each neuron has unique dendritic morphologies (Wong and Ghosh, 2002), 
which along with dendritic targeting, is critically important for proper neuronal 
circuit formation. The mechanisms involved in the regulation of dendritic targeting 
in the CNS remain poorly understood. Dendritic projections might be achieved by 
two mechanisms. First, dendrites would know exactly where to go intrinsically. 
Second, dendritic branches would be first radically formed, then pruned in an 
activity dependent manner. It is controversial which mechanism is used to set 
proper dendritic projections. In vertebrate retinal systems, retina ganglionic cells 
(RGCs) target dendrites into inner plexiform (IPL) layers and form synapses with 
the presynaptic termini from bipolar and amacrine cells. In zebrafish, neurites first 
from bipolar and amacrine cells form IPL layers, and only later RGC dendrites 
directly target to their proper IPL layers. RGC dendrites subsequently undergo 
pruning within their target layers (Mumm et al., 2006; Nevin et al., 2008). 
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However, in the mouse retina, non-cell autonomous mechanisms seem to be 
applied to regulate RGC dendritic targeting; RGC dendrites target multi-layers of 
IPL and undergo pruning activity dependently (Bodnarenko and Chalupa, 1993) 
 
In Drosophila embryos, motor neurons send out dendrites directly to their 
proper regions in the VNC (Landgraf et al., 2003). Drosophila embryonic motor 
neuron dendrites form a myotopic map in the CNS (Landgraf et al., 2003). Motor 
neurons targeting similar muscle groups project dendrites into unique anterior-
posterior and medial-lateral territories of the CNS. Drosophila embryonic motor 
neuron dendritic targeting is independent of synapse formation with presynaptic 
neurons. Even if cholinergic inputs are removed by blocking acetylcholine 
synthesis or by preventing axonal targeting into the midline, motor neuron 
dendrites show little defects (Mauss et al., 2009). Global guidance molecules, 
such as robo/slit, netrin/frazzled signaling pathways, are involved in medial-
lateral dendritic targeting; robo/slit are involved in dendritic repulsion from the 
midline and netrin/frazzled are involved in dendritic attraction to the midline.  
In the Drosophila olfactory system, projection neuron dendrites target onto 
specific glomeruli in the antennal lobe. Projection neurons directly project their 
dendrites onto their target glomeruli before olfactory sensory neuronal axons 
target glomeruli, indicating that a cell autonomous dendritic targeting mechanism 
is used determining dendritic targeting onto glomeruli (Jefferis et al., 2001). This 
process has been shown to be regulated by several transcription factors LIM HD 
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transcription factors, such as islet and lim1 (Komiyama et al., 2003; Komiyama 
and Luo, 2007).  
 
Although in general no dendrite topographic maps were identified in 
vertebrate motor neurons, some of the vertebrate spinal cord motor neurons 
also have unique dendritic projection patterns (Vrieseling and Arber, 2006). 
Direct proprioceptive sensory input is not required for proper dendritic projection 
of some spinal cord MNs. When group Ia proprioceptive sensory neurons are 
removed genetically using diphtheria toxin, motor neuron dendritic projection still 
forms normally (Vrieseling and Arber, 2006). In vertebrates, pea3, an ETS 
transcription factor, has been shown to have a role in dendritic morphogenesis 
(Vrieseling and Arber, 2006). pea3 is induced by GDNF secreted from muscles 
suggesting that motor neuron dendritic projections are regulated in part by the 
signal from their target muscles. However, in locusts, specific instruction signals 
from target muscles do little function in regulating leg motor neuron dendritic 
projection. Locust leg motor neurons can survive and be differentiated normally, 
even if legs are removed (Whitington et al., 1982). 
 
The studies presented in this thesis were focused on adult Drosophila leg 
motor neurons. The adult Drosophila leg provides a unique model to study MN 
development and motor circuits. Unlike Drosophila larvae and C. elegans, MNs 
that innervate the adult fly leg must exit the CNS and navigate to appendages, 
where they have to form synapses onto correct muscles in a multi-jointed leg. 
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Moreover, as in vertebrates, the mature MN circuits must coordinate muscle 
contractions between joints within the same leg and between legs. Thus, 
development and circuitry of the adult fly leg provide a genetically tractable 
system that has a complexity that is intermediate between vertebrate and 
previously studied invertebrate systems.  
 
1.6 Thesis objectives 
 
In Drosophila embryos, motor neurons are born in a lineage dependent 
manner. Each NBs gives rise to a small number of motor neurons. Embryonic 
NBs enter into a quiescent stage at the end of larval stages, and around 2nd 
instar larval stages NBs start producing progeny that becomes adult stage 
neurons (Truman, 1988; Prokop and Technau, 1991). However it has not been 
shown what types of progeny each larval stage NB produce. 
During development, adult flies develop appendages including legs and 
wings. In order for adult Drosophila to walk, leg movement should be controlled 
by motor neurons that are not the type of motor neurons needed to larval stage 
locomotion. How and how many leg motor neurons are generated? Are they 
generated during embryonic stages or during larval stages? Do they target larval 
tissues during early stages and switch their targets during pupal stages? How do 
adult Drosophila leg motor neurons look like? Does each leg motor neuron have 
unique axonal and dendritic targets? 
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 In adult Drosophila, some MNs innervating direct flight muscles are born 
during embryonic stages and function as larval motor neurons by controlling 
dorsal body wall muscles (Consoulas et al., 2002). During pupal stages, wing 
motor neurons prune their axons and dendrites, and make new axonal and 
dendritic projections.  In chapter 2, I studied when and how adult Drosophila leg 
motor neurons are born. I examined individual leg motor neuronal morphologies, 
including axonal and dendritic targeting. 
During insect evolution, it has been hypothesized that insect legs evolved 
from unsegmented simple forms of legs (Shubin et al., 1997). Once the multi-
jointed legs are developed, insects need to have much sophisticated motor 
systems to control multi-jointed legs. Hox and hth mutant flies have fused and 
much simpler legs, called ground state legs (Casares and Mann, 2001). In 
vertebrate spinal cord motor systems, additional groups of motor neurons are 
evolved to regulate new tissues including limbs. During this process, vertebrates 
adopt Hox systems to generate diverse types of motor neurons to control limbs 
(Dasen et al., 2008).  In chapter 3, I examined how Hox systems are applied in 
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2.1 Summary  
 
Locomotion in adult Drosophila depends on motor neurons that target a 
set of multi-fibered muscles in the appendages. Here, we describe the 
development of motor neurons in adult Drosophila, focusing on those that target 
the legs. Leg motor neurons are born from at least eleven neuroblast lineages, 
but two lineages generate the majority of these cells. Using genetic single cell 
labeling methods, we analyze the birth order, muscle targeting, and dendritic 
arbors for most of the leg motor neurons. Our results reveal that each leg motor 
neuron is born at a characteristic time of development, from a specific lineage, 
and has a stereotyped dendritic architecture. Motor axons that target a particular 
leg segment or muscle have similar dendritic arbors but can derive from different 
lineages. Thus, although Drosophila uses a lineage-based method to generate 
leg motor neurons, individual lineages are not dedicated to generate neurons that 




Animal locomotion requires the coordinated excitation of muscles by motor 
neurons that integrate sensory and interneuron inputs and, as a result, trigger 
muscle contractions. Most animals adopt one of two different forms of locomotion. 
Undulatory movements such as crawling or swimming, which do not rely on 
paired appendages, are mediated by the contraction of body wall muscles in a  
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wave-like manner along the animal’s anteroposterior axis (Brenner, 1974; Dixit et 
al., 2008; Karbowski et al., 2006; Suster and Bate, 2002). This form of 
locomotion, which is exemplified by model systems such as C. elegans, 
Drosophila larvae and fish, contrasts sharply with walking in vertebrates, which 
depends on the use of appendages that have elaborate proximodistal (PD) axes. 
In these cases, individual muscles within each leg must contract in a coordinated 
manner, a process thought to depend on sensory feedback onto motor neurons 
(Hultborn and Nielsen, 2007; Kiehn, 2006; Krouchev et al., 2006).  
In addition to locomotion, the vertebrate motor system has the capacity to 
produce many highly complex muscle activities that allow a large number of 
sophisticated movements of the appendages. The high degrees of freedom 
inherent in the control of limb movements implies a greater complexity in the 
corresponding motor systems as compared to simpler systems that do not use 
appendages for locomotion. Despite different levels of complexity, a common 
feature of all known motor systems is that the targeting of motor neurons in the 
periphery has an orderly and stereotyped representation in the central nervous 
system (CNS). Such topographic maps are likely to be essential for building 
functional motor neuron circuits. For example, in the chick and mouse, motor 
neurons that extend into the limbs are located in the Lateral Motor Column (LMC), 
within which are specialized pools of motor neurons that innervate specific limb 
muscles (Dasen et al., 2005; Jessell, 2000; Landmesser, 1978; Tsuchida et al., 
1994). On an even finer level, the position of motor neuron cell bodies within a 
single motor neuron pool correlates with the position of innervation in individual 
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muscles (Laskowski and Sanes, 1987). In the motor system of the Drosophila 
larvae, there is also an anatomical organization to the motor neurons in the CNS. 
However, in this case the position of motor neuron dendritic fields, not their cell 
bodies, are grouped together according to the muscles that they innervate, 
generating a myotopic map in the CNS (Landgraf et al., 2003). In C. elegans, due 
to the invariant lineages that produce motor neurons, the position of their cell 
bodies and processes are also highly stereotyped (Sulston, 1976; Sulston, 1983; 
Sulston and Horvitz, 1977).  
Although all of these motor systems exhibit some form of topographic map, 
there are significant differences in how they develop. In C. elegans, which has 
the simplest organization, motor neurons are born from precisely defined 
lineages that are invariant from animal to animal (Sulston, 1983; Sulston and 
Horvitz, 1977). These lineages can also give rise to non-neuronal cell types and 
are therefore not necessarily dedicated to neurogenesis. In insects such as 
Drosophila, lineage also plays an important role in the generation of neurons, but 
in this case neurons are generated by neuroblasts (NBs) --specialized stem cells 
that are dedicated for generating neurons and glia (Broadus et al., 1995; Doe 
and Skeath, 1996; Fuerstenberg et al., 1998; Prokop and Technau, 1991; 
Truman and Bate, 1988).  In contrast to C. elegans and Drosophila larvae, cell 
lineage is thought to play no role in the generation of vertebrate motor neurons 
(Leber et al., 1990). In the spinal cord, most motor neurons are born during the 
same time period in a progenitor domain that is determined by Sonic hedgehog 
(Shh) signaling and homeodomain transcription factors (Jessell, 2000). Within 
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this progenitor domain neurons are thought to acquire their specific fates as a 
result of the extracellular signals they are exposed to, in turn a function of their 
position along the rostrocaudal axis of the spinal cord.  
Unlike their larval counterparts, adult insects walk using segmented legs 
that have a well-developed PD axis. Walking in insects, as in vertebrates, 
therefore requires the contraction of flexor and extensor-like muscles that must 
be coordinated between leg joints and between contra-lateral legs. The adult 
insect motor circuit has been extensively studied, most notably in the cockroach, 
locust, and stick insect (Bässler and Büschges, 1998; Burrows, 1992; Burrows, 
1996; Burrows and Horridge, 1974; Büschges et al., 2008; Delcomyn, 1989; 
Strauss and Heisenberg, 1990; Tryba and Ritzmann, 2000a; Tryba and Ritzmann, 
2000b). As in limbed vertebrates, motor neurons exit the CNS and synapse onto 
specific muscles that control the movements of individual leg joints in the 
ipsilateral limb. Although the number of motor neurons that innervate each leg 
muscle is typically smaller than the number innervating vertebrate limb muscles, 
motor neuron groups that contain functionally related motor neurons have been 
described in the locust (Siegler et al., 1991; Siegler and Pousman, 1990). Thus, 
although much simpler, the adult insect motor system shares many aspects with 
vertebrates and must solve problems not faced by the motor systems of animals 
that crawl or swim.  
Although we understand certain aspects of adult leg development and 
morphology in Drosophila (Estella and Mann, 2008; Estella et al., 2008; Morata, 
2001; Panganiban, 2000), including the organization of a stereotyped set of 
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mutli-fibered muscles in each leg segment (Soler et al., 2004), much less is 
known about how this adult motor system develops. As in embryogenesis, adult 
Drosophila neurons are largely derived from a characteristic set of NBs present 
in the CNS (Truman and Bate, 1988; Truman et al., 2004). However, apart from a 
handful of well-characterized examples in the Drosophila brain (Ito and Awasaki, 
2008; Jefferis et al., 2001; Lee et al., 1999), the neuronal identities born from 
specific larval NBs have not been characterized. In particular, with regard to the 
motor system, it is unclear whether larval thoracic NB lineages generate a 
stereotyped set of neurons as they do during Drosophila embryogenesis. Or do 
adult neurons obtain their identities as a result of their position within the CNS, as 
in vertebrates? And, if lineages are important, do motor neuron birth dates within 
individual lineages correlate with the innervation of specific muscles along the PD 
axis of appendages?  
Here, we use genetic methods in Drosophila to answer these questions for 
the adult leg motor neurons. We find that the leg is innervated by ~50 motor 
neurons that are born from 11 different NBs. Approximately two-thirds of these 
motor neurons, however, are derived from only two lineages. We determined the 
birth dates of these motor neurons and find that, within the largest NB lineage, 
there is a correlation between motor neuron birth date and targeting along the PD 
axis of the leg. Motor neurons that project to the same muscles, or within the 
same leg segment, often have overlapping dendritic arbors, but are frequently 
derived from separate lineages. Together, these data define the developmental 
history of the adult leg motor neurons and show that although lineage plays an 
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important role in the generation of these neurons, most lineages are not 
dedicated to give rise only to motor neurons. Moreover, motor neurons derived 
from the same lineage can target multiple leg segments and types of muscles.  
 
2.3 Results  
 
2.3.1 Motor neurons in the legs and CNS  
To study the development of the Drosophila leg motor neurons we carried 
out a clonal analysis using a modified version of Mosaic Analysis with a 
Repressible Cell Marker (MARCM) method (Lee and Luo, 1999). We used the 
Vesicular glutamate transporter-Gal4 (Vglut-Gal4; also called OK371-Gal4) driver 
to positively label clones (Mahr and Aberle, 2006). This Gal4 driver, which is 
inserted into the Vglut gene, is expressed in all neurons that use glutamate as a 
neurotransmitter, including all motor neurons (Jan and Jan, 1976; Mahr and 
Aberle, 2006). As can be seen in adult leg preparations in which Vglut-Gal4 was 
used to express a membrane-tagged version of Green Fluorescent Protein 
(CD8GFP), motor neurons innervating all of the muscles in the coxa (co), 
trochanter (tr), femur (fe), and tibia (ti) were labeled by this driver (Figure 2.1A). 
In addition, a subset of sensory neurons, whose cell bodies reside in the tibia and 
tarsal segments, were labeled by Vglut-Gal4. Except for the tarsus, each leg 
segment has a stereotyped set of multi-fibered muscles that are labeled by the 
myosin heavy chain-tauGFP reporter gene (Figure 2.1B) (Maqbool and Jagla, 
2007; Soler et al., 2004). We used this reporter gene to identify each of the 
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muscles innervated by the leg motor neurons (defined by Soler, et. al., (2004) 
(Figure 2.1B,C). In the adult CNS, Vglut-Gal4 labeled groups of neurons in each 
thoracic hemisegment (Figure 2.1D). In addition to motor neuron cell bodies, the 
dendritic arbors of these neurons were observed in densely packed neuropils in 
each thoracic hemisegment (Figure 2.1D). We focused in this study on the motor 
neurons innervating the first thoracic (T1) legs. The axons of these motor 
neurons fasciculate and exit the CNS through a large nerve that extends into the 
ipsilateral leg.  
Using these tools, we asked two fundamental questions about the 
organization and development of leg motor neurons. First, how many 
independent lineages are there, and how many motor neurons does each lineage 
generate? Second, does lineage, birth date, dendritic arbor pattern, or cell body 
position in the CNS correlate with targeting to individual leg segments and 
muscles (see Figure 2.1 for segment and muscle definitions).  
 
2.3.2 The number of independent lineages revealed by embryonic MARCM 
clones  
Drosophila NBs are born during embryogenesis and undergo two waves 
of neurogenesis, one during embryogenesis and one during larval development 
(Maurange and Gould, 2005; Prokop and Technau, 1991; Truman and Bate, 
1988).  During the first, embryonic wave of NB divisions, the majority of the 
embryonically-born neurons are dedicated to larval motor and sensory functions, 






Figure 2.1 Vglut-Gal4 and MHC-GFP expression patterns.  
(A) Adult legs of Vglut-Gal4; UAS-CD8GFP animals imaged for GFP 
fluorescence. A’ is a medial view; A’’ is a lateral view.  
 
(B) Adult legs of MHC-tauGFP animals imaged for GFP fluorescence. B’ is a 
medial view; B’’ is a lateral view. The muscles are labeled as previously 
described (Soler et al., 2004).  
 
(C) Higher magnification views of the individual leg segments from Vglut-Gal4; 
UAS-CD8GFP animals. Individual muscles are shown and color-coded as 
follows: levator muscles: turqoise; depressor muscles: blue; reductor muscles: 
pink; long tendon muscles: yellow. In the tibia (C’’’’), several sensory neuron cell 
bodies are also labeled by Vglut-Gal4 (indicated by the *). Co, coxa; Tr, 
trochanter; Fe, femur; Ti, tibia; Ta, tarsus. trlm, trochanter levator muscle; trdm, 
trochanter depressor muscle; trrm, trochanter reductor muscle; fedm, femur 
depressor muscle; ferm, femur reductor muscle; ltm2; long tendon muscle 2; tilm, 
tibia levator muscle; tidm, tibia depressor muscle; tirm, tibia reductor muscle; 
ltm1, long tendon muscle 1; talm, tarsus levator muscle; tadm, tarsus depressor 
muscle; tarm, tarsus reductor muscle (Soler et al., 2004).  
 
(D) CNS preparations from adult Vglut-Gal4; UAS-CD8GFP flies imaged for GFP 
fluorescence. D’ shows the thoracic and abdominal ganglia; D’’ shows a higher 
magnification of the T1 portion of the thoracic ganglia. The T1 neuromeres are 
outlined by the blue dotted circles. D’’’ shows a lower intensity version of the 
image in D’’ to better visualize the labeled cell bodies that lie immediately anterior 
and posterior to the neuromere (arrows). Some interneurons along the midline 






lineages give rise to the leg motor neurons, we induced positively labeled 
MARCM clones during embryogenesis and analyzed them in the adult. Because 
these clones were generated infrequently and early in development, entire NB 
lineages were labeled. These data revealed that the leg motor neurons are 
derived from at least 11 independent lineages (Table 2.1). Strikingly, two of these 
lineages, Lin A and Lin B, give rise to the majority of the leg motor neurons 
(Figure 2.2 and Table 2.1). Embryonically-induced clones of Lin A innervated the 
muscles of the femur and tibia, but did not include any motor neurons that 
targeted the coxa or trochanter. Moreover, the tibia is only targeted by Lin A-
derived motor neurons. Thus, Lin A motor neurons generally target distal, but not 
proximal, leg segments.  
The second major lineage defined by these experiments is Lin B, which 
gives rise to 7 leg motor neurons (Figure 2.2 and Table 2.1). In contrast to Lin A, 
Lin B motor neurons target the three most proximal leg segments, the coxa, 
trochanter, and femur, but does not generate any motor neurons that target the 
tibia. Thus, Lin B motor neurons generally target proximal, rather than distal, leg 
segments.  
Embryonically-induced MARCM clones revealed that another 12 Vglut-
Gal4+ leg motor neurons are generated from 9 additional lineages, Lin C to Lin K 
(Table 2.1). These 12 motor neurons target the coxa (6), the trochanter (1), and 
the femur (5), but not the tibia (Table 2.1). In contrast to Lin A and Lin B, these 
lineages give rise to only one or two Vglut-Gal4-expressing leg motor neurons. 
Lin E is distinctive because, in addition to generating a single motor neuron  
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targeting the coxa, it also gives rise to ~25 Vglut-Gal4-expressing interneurons. 
Five of these lineages (C to G) were labeled frequently, by both embryonic and 
post-embryonic heat shocks. In contrast, four of these lineages, Lin H to Lin K, 
were labeled infrequently and only by embryonic heat shocks (Table 2.1). These 
findings suggest that these motor neurons, which target the coxa (1) and femur 
(5), are born during embryogenesis, and persist to the adult stage where they 
contribute to the adult leg nervous system.  
In addition to the 47 motor neurons generated by Lin A to Lin K, we 
identified six additional Vglut-Gal4+ motor neurons that were not labeled by 
inducing clones during embryogenesis (Table 2.1). Two of these motor neurons, 
one targeting the coxa and one the trochanter, were not labeled in any of our 
MARCM experiments but could be identified in Vglut¬Gal4; UAS-CD8GFP adult 
flies. The other four motor neurons, which we tentatively label MN V to MN Y, all 
target the femur and were only labeled by post-embryonic clones. Because these 
motor neurons were not labeled by embryonic MARCM experiments, we cannot 
exclude the possibility that they belong to one of the lineages defined above. 
Alternatively, they may be derived from independent lineages that are difficult to 
label during embryogenesis. Nevertheless, together with the 47 embryonically-
labeled motor neurons, these results reveal 53 motor neurons that innervate the 
T1 leg.  
 







Figure 2.2 Leg motor neurons born from lineages A and B.  
(A) Dissected leg (left) and T1 neuromere (right; outlined in blue) from a Vglut-
Gal4; UAS¬CD8GFP adult. Individual leg segments are labeled. The blue 
asterisks (*) indicate the cell bodies of sensory neurons that are also labeled by 
this driver. The neuromere images in A-C are projections of the entire Z-stack 
along the DV axis.  
 
(B) Dissected leg (left) and T1 neuromere (right; outlined in blue) from an animal 
containing a positively marked Lin A clone which labels axons in the femur and 
tibia (arrows). The purple asterisk indicates a non-Lin A motor neuron that was 
also labeled in this sample.  
 
(C) Dissected leg (left) and T1 neuromere (right; outlined in blue) from an animal 
containing a positively marked Lin B clone, which labels axons in the coxa, 









To examine individual motor neurons derived from these lineages, we induced 
positively labeled MARCM clones post-embryonically. In addition to occasionally 
labeling subsets of Lin A and Lin B (Table 2.1 and data not shown), these clones 
most typically labeled individual leg motor neurons, enabling us to characterize 
axon targeting, cell body position and dendritic arbors for individual neurons in 
the adult CNS. In addition, by varying the time of clone induction (using two hour 
intervals), we measured the birth date for each motor neuron. Individual motor 
neurons were characterized by 1) which leg segment they targeted, 2) which 
muscle they targeted, 3) their axonal branching pattern, and 4) their dendritic 
arbor pattern in the CNS (see Experimental Procedures). Importantly, many 
independent examples of the same labeled motor neuron show that they each 
have stereotyped dendritic and axon arbors that are recognizable from animal to 
animal (Figure 2.3A,B and Supp. Figure 2.1).  
 
Lineage A. Single cell labeling experiments reveal that Lin A generates 15 motor 
neurons that target the tibia and 13 motor neurons that target the femur. Based 
on the latest time when the full set of Lin A motor neurons was labeled, they are 
born starting at ~50 hrs after egg laying (AEL) (Table 2.1). Based on this timing, 
and the number of motor neurons generated, Lin A is likely to be the same as 
lineage 15, characterized previously in the CNS of 3rd instar larvae (Truman et 
al., 2004).  Representative single cell clones for 27 of these 28 motor neurons 
are shown in Supp. Figures 2.2 (tibia) and 2.3 (femur), and a subset of these are 





Figure 2.3  Reproducibility of dendrite and axon arbors.  
(A,B) Three examples of the same Lin B-derived motor neuron (Co4; A) and the 
same Lin A-derived motor neuron (Fe3; B) showing very similar dendritic (left 
images) and axon (right images) arbors. The schematics above the images 
indicate the imaged leg segment (red boxes). The purple asterisks indicate 
sensory neurons that were also labeled in these experiments. The neuromere 
images are projections of the entire DV axis Z-stack. A subset of Lin A-Fe3 
dendrites extend across the midline (arrows in B). The midlines of the CNSs are 
indicated by the red dotted lines.  
 
(C-E) Three examples of samples that had the identical motor neuron labeled on 
the left and right sides of the same animal. In each case, both the left (L) and 
right (R) neuromeres (left panels) and legs (right panels) are shown. The 
schematics above the images indicate the imaged leg segment (red boxes). C, 
Lin B-Co3; D, Lin A-Fe7; E, Lin A-Ti11. Purple asterisks indicate sensory 
neurons that were also labeled in these images. The midlines of the CNSs are 









targeted by nine Lin A motor neurons. Interestingly, these axons terminate at 
distinct positions along this muscle, suggesting that it is compartmentalized 
(Figure 2.4).  
 
Lineage B. The 7 leg motor neurons derived from Lin B target the coxa (4), the 
trochanter (2) and the femur (1) (Figure 2.5). Our post-embryonic MARCM data 
suggest that the Lin B neuroblast begins to generate its leg motor neuron 
progeny at ~54 hrs AEL, because all seven neurons can be labeled up to this 
time of development (Table 2.1). Single cell clones for all seven of these motor 
neurons are shown in Figure 2.5. As with Lin A motor neurons, the dendritic 
patterns of the Lin B motor neurons each have a stereotyped pattern within the 
T1 neuromere (Figure 2.5).  
 
Minor lineages. In addition to Lin A and Lin B, the MARCM analysis suggests 
that an additional 9 NB lineages (Lin C to Lin K) give rise to 12 leg motor neurons 
(Table 2.1 and Supp. Figure 2.4). As with Lin A and Lin B derived motor neurons, 
the dendritic patterns and axonal projections of the motor neurons derived from 
Lin C to Lin K were consistent from animal to animal (Supp. Figure 2.4).  
In summary, we have defined 11 independent NB lineages that give rise to ~50 
motor neurons that target the T1 leg. Apart from the finding that Lin A motor 
neurons only target the two more distal leg segments and Lin B motor neurons 
target the three more proximal leg segments, there are no PD targeting 





Figure 2.4. Representative Lineage A motor neurons.  
(A-F) Representative Lin A motor neurons that target the tibia. In all cases, the 
dendrites in the neuromere (a compression of the entire DV stack), the axon in 
the leg, and a schematic of the leg segment and axon are shown. The midlines of 
the CNSs are shown by the red dotted lines. Ti1 (A) and Ti2 (B) target the distal 
part of the long tendon muscle 1 (ltm1; schematized in yellow) while Ti6 (C) and 
Ti8 (D) target the proximal part of the same muscle. Note that Ti2, Ti6, and Ti8, 
which all target ltm1, all have midline crossing dendrites (arrows). Ti10 and Ti12 
target the tarsal levator (talm) and tarsal depressor (tadm), respectively. Red 
asterisks indicate sensory neurons.  
 
(G-L) Representative Lin A motor neurons that target the femur. Note that Fe3 
(H), which targets ltm2, has midline crossing dendrites. Fe1 and Fe4 target the 
tibia depressor (tidm) and Fe8, Fe9, and Fe10 target the tibia reductor (tirm).  
See Figures 2.2 and 2.3 for examples of all 27 of the 28 Lin A motor neurons that 

















Figure 2.5. Lineage B motor neurons.  
(A-G) Representative examples of all seven Lin B motor neurons. A-D (Co1 to 
Co4) project to the coxa; E,F (Tr1, Tr2) project to the trochanter; and G (Fe1) 
projects to the femur. Images and labeling are the same as for Figure 2.4. Four 
motor neurons (Lin B-Co1-4; A-D) target the trochanter levator muscle in the 
coxa (trlm). In the trochanter, Lin B-Tr1 targets the femur reductor muscle (ferm; 
E) and the femur depressor muscle (fedm). Lin B-Tr2 targets the femur 
depressor muscle (fedm; F). In the femur, a single Lin B motor neuron, Fe1 (G), 
targets both the tibia depressor muscle (tidm) and the tibia reductor muscle (tirm). 



















targeting correlates with other characteristics of these motor neurons, such as 
birth date, cell body position, or dendritic pattern.  
 
Cell body position  
50 of the 53 T1 leg motor neurons have their cell bodies clustered 
together anterior to the T1 neuropil in the CNS (Figure 2.1D). Within the level of 
resolution of our experiments, we cannot detect any organization of these cell 
bodies within this anterior group of motor neurons. The remaining 3 motor 
neurons have cell bodies that lie posterior to the neuropil. Although all three of 
these neurons target the coxa, they are derived from three separate lineages 
(Table 2.1). In addition to these 3 motor neurons, 7 other motor neurons, with 
anteriorly positioned cell bodies, target the coxa. Thus, other than those cells 
positioned posterior to the neuropil, cell body position is a poor predictor of motor 
neuron targeting in the Drosophila leg.  
 
Birth date  
The existence of NB lineages suggests that individual motor neurons may 
be born at highly restricted and characteristic times during development. To test 
this, we plotted the birth dates for each of the 44 motor neurons for which we 
have been able to label as single cells in post-embryonic MARCM experiments 
(Figure 2.6). Strikingly, each motor neuron, defined by its muscle target and 
dendritic pattern, is born within a stereotyped and narrow window of development 
(Figure 2.6). For Lin A, which gives rise to 28 motor neurons during a ~40 hour 
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time window, a clear temporal birth order was observed (Figure 2.6A). That each 
motor neuron has a stereotyped birth date is also illustrated by analyzing animals 
with more than one labeled motor neuron. Although the vast majority of the 
samples we analyzed (408 of 428) had only a single labeled leg motor neuron, 
17 samples had two labeled leg motor neurons (one on each side) and three had 
three labeled motor neurons. For each of these 20 samples, the birth dates (as 
measured using all available data) of the neurons labeled in the same animal 
were within two hours of each other (Supp. Figure 2.5). Moreover, of the 20 
samples that had more than one labeled motor neuron, seven had the identical 
motor neuron labeled on both sides of the animal (Figure 2.3C-E and Supp. 
Figure 2.5). These observations argue that the left and right versions of the same 
lineages within an individual animal are dividing with remarkable synchrony.  
We next asked if there was a correlation between birth order and target 
position along the leg's PD axis. For Lin A, early-born neurons target both the 
femur and tibia; similarly, late-born neurons also target both of these leg 
segments. Thus, for this lineage there is no correlation between birth date and 
targeting a particular leg segment. However, there is a correlation between birth 
order and PD targeting within individual leg segments. The first 15 motor neurons 
born from Lin A all target muscles in the proximal tibia or proximal femur, while 
10 of the 12 last born Lin A motor neurons target distally positioned muscles 
within these segments (Figure 2.6A). Another way to describe this correlation is 







Figure 2.6. Relationships between birth date and muscle targeting.  
 
(A-C) The birth dates (hrs AEL) and muscle targets are plotted for 27 Lin A (A), 7 
Lin B (B), or 10 other (C) motor neurons that have been individually labeled. 
Each black dot represents a unique clone for that motor neuron, and the green 
bars represent the median birth date. Motor neurons are ordered along the X axis 
according to median birth date. The number of samples for each individually 
labeled motor neuron immediately follows it's name. For Lin A (A), motor neuron 
names are red or black, depending on if they project to the femur or tibia, 
respectively. Also for Lin A (A), the lines going to the muscles are colored light or 
dark green for motor neurons born during the first or second halves, respectively, 










(ltm1 and ltm2), which are positioned proximally in both the femur and tibia, while 
8 of the 12 late born neurons target reductor muscles (tirm and tarm), which are 
positioned distally within these two leg segments. For Lin B, the three last motor 
neurons to be born all target the coxa levator muscle (Figure 2.6B). Otherwise, 
no correlations with PD position or muscle type were observed for Lin B motor 
neurons. As noted above, Lin A generates 9 motor neurons that target the long 
tendon muscle in the tibia (Figure 2.4A-D and Supp. Figure 2.2A-I). Interestingly, 
axon targeting within this muscle correlates with motor neuron birth order: the 
first two neurons that are born target distal positions in the muscle, while 
subsequently born motor neurons target more proximal positions (Figure 2.4A-D 
and Supp. Figure 2.2A-I).  
 
Dendritic arbors  
Inspection of the dendrites of individually labeled leg motor neurons 
suggests that neurons that project to a particular leg segment have similar 
dendritic architectures. For example, the dendrites of the four coxa-targeting 
neurons derived from Lin B appear to have a characteristic shape and position 
within the neuropil that are distinct from those of the trochanter-and femur-
targeting neurons from the same lineage (Figure 2.5). To examine this in more 
detail we quantified the contribution of each motor neuron's dendrites to one of 
eight sectors (D1 to D4 and V1 to V4) within the neuropil using quantitative 3-
dimensional confocal imaging of GFP-labeled neurons (Figure 2.7A) (see 
Experimental Procedures for details). Carrying out this analysis on independent  
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 Figure 2.7. Relationships between dendritic pattern and muscle targeting.  
 
(A) Scheme for collecting eight sector data for dendrite occupancy in the T1 
neuromere. The image on the right is a projection of ~40 confocal slices along 
the DV axis of the T1 neuromere. The cylinder on the left schematizes the 3-
dimensional T1 neuromere. Three axes are labeled: lateral-medial; anterior-
posterior; and dorsal-ventral. The cylinder was divided into eight sectors (D1, D2, 
D3, D4, V1, V2, V3, V4) as indicated. For each labeled dendrite, the D and V 
halves consisted of ~20 confocal sections.  
 
(B,C) Examples of unique dendritic architectures within the T1 neuromere. The 
three images show heat maps quantifying the extent of overlap of the dendrites 
for the midline crossing motor neurons (B) and the trochanter-targeting motor 
neurons (C). The scales shown on the bottom right of each panel range from 
100% overlap (blue) to no overlap (green --only a single dendrite is present). 
Heat maps were generated using confocal projections for all (total), dorsal, or 
ventral sections as indicated. The bar graphs below the images show the amount 
of dendrite representation for each set of neurons for all eight sectors; dendrite 
representations are expressed relative to the average for all motor neurons. The 
error bars are standard deviations. The dendrites of the midline crossing neurons 
(B) are over represented in sector D4, while those of the trochanter-targeting 
neurons (C) are underrepresented in V4 and D4 and over represented in V2. 
Supp. Figure 2.6 presents analyses of dendrite organization for other related 
groups of motor neurons.  
 
(D) Dendrogram and heat map analysis of the eight sector data. For each motor 
neuron, each sector was given a dendritic representation score relative to the 
average representation for all 47 motor neurons. The figure color-codes these 
scores, ranging from ≤0.1X relative to the average (green) to ≥2X relative to the 
average (red). Black is equivalent to the average (1X). Motor neurons were 
clustered according to the similarities in their eight sector data using MeV: 
MultiExperiment Viewer (http://www.tm4.org/mev.html).  Groups of motor 
neurons that cluster together are shown on the right, and their muscle targets in 
the legs are schematized.  
 
(E) For each of the four sets of motor neurons that clustered together in (D), the 
columns (sectors) were clustered according to their similarities. Different sectors 
group together in the different sets of motor neurons, suggesting that each set of 





samples of the same labeled motor neuron shows that they have reproducible 
and distinct architectures within the neuropil (Supp. Figure 2.1).  
We carried out the eight-sector analysis on the dendritic arbors for 
representative examples of all 47 motor neurons that were individually labeled in 
our MARCM experiments. Using these data, which provide a measurement of the 
spatial organization of each dendritic arbor in the neuropil, we asked if these 
patterns correlate with other motor neuron characteristics, such as birth date or 
muscle targeting. Although no correlations between dendritic pattern and birth 
date were observed, several other correlations were apparent. For example, of 
the 47 leg motor neurons analyzed, only eight have dendrites that cross the 
midline in the CNS, contributing to a disinct dendritic pattern (Figure 2.7B). 
Interestingly, all eight of these neurons target the long tendon muscles (ltm1 and 
ltm2). As ltm1 is in the tibia and ltm2 is in the femur, this midline crossing 
property is independent of leg segment. A second striking example of a shared 
dendritic organization is seen for the three motor neurons that target the 
trochanter (Figure 2.7C). For all three of these motor neurons, the dendritic 
arbors are biased towards the anterior and ventral side of the neuromere and 
there is a noticeable absence from the posterior and medial regions of the 
neuromere (Figure 2.7C). Thus, these and other (Supp. Figure 2.6) examples 
suggest that there is a correlation between dendritic arbor position in the CNS 
and axon targeting in the leg.  
Based on these initial observations, we next asked whether the dendritic 
organization of leg motor neurons correlates with targeting. To assess this issue 
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in an unbiased manner, we generated dendrograms using the eight-sector data 
for all 47 motor neurons (Figure 2.7D). Strikingly, this analysis resulted in the 
clustering of at least four functionally related sets of motor neurons. Two of these 
sets were the trochanter-targeting neurons and the midline crossing neurons 
described above, demonstrating that this approach is able to identify similar 
dendritic patterns. In addition, two other sets of motor neurons clustered 
together: those that target the coxa and those that target reductor (as opposed to 
levator or depressor) muscles (Figure 2.7D and Supp. Figure 2.6E,G). Within 
each of these four groups of motor neurons we also found that different 
combinations of sectors correlated with each other (Figure 2.7E). For example, 
the dendrites of the coxa-targeting group of motor neurons are underrepresented 
in sectors D2, D4, and V4, but these same sectors are not correlated with each 
other in the midline-crossing group of motor neurons. Instead, the dendritic 
arbors of the midline-crossing group show correlations between V1, V2 and V3 
(where they are underrepresented) and between D1, D2, and D3 (where they are 
overrepresented) (Figure 2.7E). Taken together, these observations reinforce the 
conclusion that neurons with shared targets often have similar dendritic 
architectures, while those that target different muscles or leg segments have 
distinct dendritic patterns.  
 
2.4 Discussion  
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Fruit flies walk using multi-jointed legs that are controlled by a stereotyped 
set of muscles in each leg segment. The contraction of muscles controlling the 
position and angle of each leg joint, between leg joints within a leg, and between 
legs on the right and left sides of the animal, must be highly coordinated. Each of 
these muscles is innervated by motor neurons that have cell bodies in the CNS. 
Thus, the anatomy and function of the adult fly motor system shares many 
aspects with vertebrate motor systems. To assess the degree these systems 
share a similar developmental logic, we characterized the development of the 
motor neurons that innervate the adult Drosophila leg. We identify 53 neurons, 
derived from 11 independent NBs that innervate the T1 leg. Two of these 
lineages give rise to 35 of these 53 motor neurons. Further, by characterizing 
individually labeled motor neurons, we have determined the birth dates, muscle 
targets, and dendritic arbors for most of these motor neurons. These results 
show that although each motor neuron is born from a specific lineage, and at a 
specific time during development, individual lineages give rise to motor neurons 
that target multiple leg segments and multiple muscles within these leg segments. 
Thus, lineages are not dedicated to producing a particular type of neuron. Below, 
we discuss the rules and common themes that emerge from this analysis.  
 
2.4.1 Birth date and lineage in post-embryonic neural development in 
Drosophila  
Accurate motor neuron development in the fly requires that axons target 
the correct muscles along the leg's PD axis. This axis has several levels of 
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refinement. The first level is the global PD axis of the leg. We find that Lin A only 
generates motor neurons that target the two more distal leg segments, the tibia 
and the femur. In addition, Lin A is the only lineage that produces motor neurons 
that target the tibia. In contrast, the 7 Lin B motor neurons target all leg segments 
except the tibia. Thus, there is a general PD bias built into these two lineages.  
A second level of refinement within the leg's PD axis is targeting the correct 
muscle in individual leg segments. Among the Lin A-derived motor neurons, we 
observe a PD bias within the tibia and within the femur that correlates with birth 
date: the first half of the motor neurons born from Lin A have a strong bias for 
targeting proximal muscles in these segments, while the later-born half of the 
motor neurons target distal muscles in these segments.  
Third, for muscles that are targeted by multiple motor neurons (e.g. ltm1 in 
the tibia), we find that more distal projecting motor neurons are born prior to 
those that target more proximal positions in the same muscle. This finding 
suggests that these muscles may be compartmentalized in an analogous manner 
to some mouse skeletal muscles (Feng et al., 2000; Laskowski and Sanes, 1987). 
The differential targeting of axons to unique positions within the same muscle 
suggests the existence of high resolution topographic maps that match specific 
motor neurons to specific muscle compartments.  
Most of the leg motor neurons are born within a narrow window of 
development. The NB that gives rise to Lin A, for example, switches into a phase 
that is dedicated to generating leg motor neurons at about 50 hours AEL. At that 
time, this NB begins to produce its 28 motor neurons for the next ~40 hours, 
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suggesting that it generates no other progeny during this time period. 
Presumably, this NB gives rise to non-motor neuron progeny prior to this time 
and possibly after it completes this motor neuron generating phase. This 
scenario shares some similarities but also differs from the lineages that give rise 
to post-embryonic neurons in the fly brain. For example, the entire mushroom 
body of Drosophila, the portion of the fly brain used in olfactory learning and 
memory, is derived from only 4 NBs that each give rise to one of four nearly 
identical anatomical units (Ito and Awasaki, 2008; Lee et al., 1999). Interestingly, 
there is a temporal switch in the types of neurons that these NBs generate at 
specific times of development. Thus, like the Lin A NB, mushroom body NBs 
switch the type of neuron they generate at specific developmental times. 
However, unlike the leg motor neuron NBs, those that generate the mushroom 
body are dedicated to forming this brain structure. In contrast, we find that 
functionally related leg motor neurons, for example those that target a specific 
leg segment, muscle, or muscle type, are often derived from several different NB 
lineages. This logic is reminiscent to that used to generate olfactory projection 
neurons in the fly (Jefferis et al., 2001). As with leg motor neurons, each 
projection neuron is born from a particular lineage and at a defined time. In 
addition, three neuroblasts each give rise to different numbers and types of 
projection neurons, demonstrating that these NBs are not dedicated to producing 
only one type of neuron. The temporal phasing of NB identity in Drosophila is 
directed by a series of transcription factors that are sequentially expressed as 
NBs age (Brody and Odenwald, 2005; Doe, 2006; Jacob et al., 2008; Maurange 
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et al., 2008; Pearson and Doe, 2004). During embryogenesis, progeny post-
mitotic neurons inherit the transcription factor expressed in the NB at the time it 
was born. This temporal information is thought to work in combination with 
positional information that makes each NB unique, ultimately providing progeny 
neurons their individual identities. Although the specific factors are not yet known, 
it is likely that a similar transcription factor code exists for each leg motor neuron. 
Two of the temporal control genes that are used during Drosophila embryonic 
development, seven-up (svp) and castor (cas), are also important for controlling 
post-embryonic neural fates (Maurange et al., 2008). Interestingly, some NBs 
switch from expressing cas to svp at about 50 hours AEL. This switch determines 
how long the NB will divide before either dying or losing it's stem-cell-like 
characteristics, and may also play a role in specifying temporal identities 
(Maurange et al., 2008). Strikingly, we find that the leg NBs begin to generate 
their leg motor neuron progeny at ~50 hours, similar to the timing of the cas to 
svp switch. In future studies, it will be interesting to determine if this or other 
changes in NB transcription factors are responsible for initiating the production of 
leg motor neurons in the lineages defined here.  
 
2.4.2 Lineage versus position in specifying motor neuron identities  
Our results demonstrate that adult motor neuron development in the fly 
depends on identifiable lineages that give rise to stereotyped progeny with 
defined birth dates. Importantly however, of the 11 lineages that give rise to leg 
motor neurons in the fly, only one of these, Lin A, appears to be dedicated to 
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producing these neurons. Moreover, even this restriction only occurs during the 
~50 to ~90 hour AEL time window. Although most of the progeny produced by 
the other lineages were not marked in our experiments (with the exception of Lin 
E which generates ~25 Vglut-Gal4+ interneurons), it is very likely that these 
lineages also produce non-motor neuron progeny (Truman et al., 2004). Thus, 
although seemingly invariant lineages are used in the fly, the closest relatives for 
many leg motor neurons are not other leg motor neurons. This conclusion is very 
similar to the picture that has emerged from lineage analyses carried out in the 
vertebrate spinal cord. These experiments show that cell lineages are not 
dedicated to the production of motor neurons (Leber et al., 1990). Such clones, 
even if induced just before post-mitotic neurons are born, can include motor 
neurons that innervate different muscles, interneurons, and glia. Thus, as in the 
fly, closely related cells in the spinal cord may have very distinct fates. 
Conversely, although adult fly motor neurons are born from stereotyped lineages, 
position within the CNS determines NB identities and, consequently, the progeny 
they generate (Bhat, 1998). Although C. elegans has a more extreme version of 
a lineage-based mechanism, even in this case cell-cell signaling plays an 
important role in specifying the identities of individual lineages (Schnabel, 1991; 
Schnabel, 1997). These considerations blur the distinction between lineage and 
position-based mechanisms in determining neuronal identities, and suggest that 
both play a role in vertebrates and invertebrates.  
Recently, the transcription factor Coup-TF has been shown to act as a 
temporal switch between neurogenesis and gliogenesis in the vertebrate brain 
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(Naka et al., 2008). Interestingly, Coup-TF is a relative of Drosophila svp, which 
encodes one of the temporal transcription factors used in post-embryonic fly 
neuroblasts (Maurange et al., 2008). The use of Coup-TF/Svp for executing a 
temporal switch in both flies and vertebrates suggests the existence of a 
conserved molecular mechanism for controlling developmental timing in neural 
lineages (Jacob et al., 2008; Naka et al., 2008).  
 
2.4.3 Developmental logic in forming neural circuits  
Because motor neurons receive complex inputs from interneurons and 
sensory neurons, the architecture of their dendritic arbors is critical for forming 
the circuitry that is required for locomotion. Consistently, in the motor system of 
Drosophila larvae, the dendritic arbors of functionally related motor neurons are 
grouped together to form a myotopic map in the CNS (Landgraf et al., 2003). 
Similarly, the fly’s olfactory projection neurons send their dendrites to specific 
glomeruli and their axons to higher centers in the brain, thus establishing a 
higher order map of olfactory information in the brain (Marin et al., 2002; Wong et 
al., 2002). Our initial analysis of the dendritic arbors of the leg motor neurons 
suggests that they also exhibit a functional organization in the thoracic 
neuromere. The common theme in these disparate systems is the existence of a 
topographic map that is determined by lineage and birth date. From a functional 
point of view, it is of interest that nine leg motor neurons, targeting two different 
reductor muscles in different leg segments (coxa and femur), have overlapping 
dendritic arbors (Figure 2.7D). That these nine motor neurons have similar 
71
dendritic architectures suggests that they share presynaptic inputs, perhaps 
allowing these two reductor muscles to contract in synchrony. Similarly, all eight 
motor neurons that have dendrites that cross the midline of the CNS, and thus 
probably make contacts with neurons in the contralateral neuromere, send their 
axons to one of two long tendon muscles, one in the tibia and one in the femur. 
These two examples suggest that the organization of motor neuron dendrites 
may be important for muscle synergies as described in vertebrate locomotion 
(Drew et al., 2008).  
In vertebrate motor systems, motor neuron cell bodies are organized in 
columns and pools that correlate with their muscle targets (Landmesser, 1978). 
Neurons within motor neuron pools are often electrically coupled, a feature that is 
thought to coordinate the firing of motor neurons that innervate the same muscle 
(Brenowitz et al., 1983; Landmesser, 1978; Tresch and Kiehn, 2000). This 
organization implies that many of the presynaptic inputs into the motor neurons 
within individual pools will be similar. Consistently, in some cases, the dendritic 
arbors of motor neurons have been shown to correlate with motor neuron 
targeting. In the cervical spinal cord, for example, some motor neuron pools have 
characteristic dendritic arbors (Vrieseling and Arber, 2006). In these examples, 
the arborization patterns are controlled by the transcription factor Pea3, which is 
induced after motor axons invade the limb target (Vrieseling and Arber, 2006). 
Pea3 also requires a pool-specific Hox transcription factor code for activation 
(Dasen et al., 2005). Thus, in this case dendritic pattern is a consequence of the 
transcription factor code and a target-induced factor. The myotopic map exhibited  
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by the dendrites of the fly larval motor neurons does not need target muscles to 
form (Landgraf et al., 2003). In the fly olfactory system, the dendrites of 
projection neurons form a map in the antennal lobe prior to the arrival of olfactory 
receptor neurons (ORNs), suggesting that this map forms independently of 
ORNs (Komiyama and Luo, 2007). It remains unclear whether the characteristic 
dendritic arbors of the fly’s leg motor neurons require muscle targeting or if they 
form independently of their targets using local cues in the CNS and the identities 

















2.5 Experimental Procedures  
 
2.5.1 Fly stocks  
Unless otherwise noted, fly stocks were obtained from the Bloomington Stock 
Center.  
yw hs-flp tubGal80 FRT19A w flp122 FRT19A Vglut-Gal4 (also called OK371-
Gal4) (Mahr and Aberle, 2006) UAS-CD8GFP (on II and III) MHC-tauGFP (Soler 
et al., 2004)  
 
2.5.2 MARCM analysis 
To positively label motor neurons in the adult, flies of the genotype yw hs-flp 
tubGal80 FRT19A; Vglut-Gal4, UAS-CD8GFP; UAS-CD8GFP were crossed to 
yw flp122 FRT19A; Vglut-Gal4, UAS-CD8GFP; UAS-CD8GFP flies. Heat shocks 
to induce clones were given for 60 min at 37°C. For embryonic clones, heat 
shocks were given to 0 -12 hr embryos or 12 -24 hr embryos. For clones induced 
during larval stages, we varied the heat shock time every 2 hrs from 24 to 120 
hrs. To accurately time the heat shocks given during the 2nd and 3rd instar (≥48 
hrs AEL), the morphologies of the larval mouth parts and spiracles present at the 
first larval molt (at 48 hr AEL) were used to set the larval age at 48 hrs.  
 
2.5.3 Sample preparation and microscopy  
Adult flies that had GFP positive cells in the T1 CNS were pre-selected using a 
dissecting microscope. T2 and T3 legs, head and abdominal segments were 
74
removed, and the remaining tissue was fixed in 4% paraformaldehyde in PBS 
overnight at room temperature. The tissue was washed once with PBS and 
dissected in Vectashield (from Vector Lab.).  Dissected CNS and T1 legs from 
the same fly were mounted together on the same slide, to correlate the two 
patterns. Multiple 2-mm thick sections in the Z axis (DV for the CNS and medial-
lateral for the adult leg) were imaged with a Leica TCS SP5 confocal microsope.  
Most (408 of 428) of the clones derived from the post-embryonic heat shocks that 
we analyzed were composed of only a single motor neuron innervating a T1 leg; 
occasionally flies with two (17) or, more rarely, three (3) labeled motor neurons 
were analyzed (Supp. Figure 2.5 and Figure 2.3C-E). Clones were classified as 
follows. 1) Motor neurons innervating a particular leg segment were grouped 
together. 2) Within these groups, motor neurons were organized according to 
which muscle they innervated. The targeted muscle was determined by the 
position of the axon arbors in the leg and identifying them in preparations of 
UAS-CD8RFP; Vglut-Gal4 UAS-CD8RFP; MHC-tauGFP legs. 3) Motor neurons 
that targeted the same muscle were further classified according to the details of 
their axon termini (shape, PD position along the muscle, and number of 
branches). In nearly all cases, these three criteria were sufficient to 
unambiguously distinguish individual motor neurons. For those cases where 
these criteria were insufficient to distinguish motor neurons, the 3-dimensional 
patterns of dendritic arbors in the T1 neuromere, analyzed by examining ~40 
confocal sections taken along the DV axis, were used to classify motor neurons. 
The results of this classification procedure are summarized in Table 2.1.  
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 2.5.4 Image analysis  
To image motor neuron dendrites in the neuropil, ventral and dorsal Z-stacks, 
each containing about 20 sections, were generated using Image J.  Binary 
images for Z-stack images were generated using Photoshop. Z-stack images 
were then aligned based on the structure of the T1 neuromere. Non-motor 
neuron branches were removed to avoid including them in the analysis. Heat 
maps (e.g. Figure 2.7B,C) were generated in Photoshop and represent the 
degree of overlap in the dendrites for a subset of neurons: green represents 
single dendrites (i.e. no overlap) and blue represents complete overlap within the 
set being analyzed.  
For the eight sector analyses, the ventral and dorsal sets of Z-stack images for 
each sample were divided into four sectors (V1 to V4 and D1 to D4; see Figure 
2.7A). For each sample, the number of pixels was calculated using Image J for 
each of the eight sectors. The average pixel intensity was calculated for all motor 
neurons for each sector. The relative pixel intensity was then calculated for each 
motor neuron relative to this average. The data are represented in bar graphs 
(e.g. Figure 2.7B,C) or heat maps (Figure 2.7D,E) where green is ≤0.1X relative 
to the average (underrepresented) and red is ≥2X relative to the average 
(overrepresented). Error bars in the bar graphs indicate the range of values 
within the set of neurons being analyzed.  
The dendrograms shown in Figure 2.7D and E were generated using MeV v4.2 
(www.tm4.org/mev.html/); Pearson correlation and Euclidean distance methods 
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were used for generating the sample tree (clustering motor neurons) and section 














































Supplementary Figure 2.1. Reproducibility of dendritic and axon arbors of 
leg motor neurons.  
 
(A) Definition of the eight sectors used to quantify dendritic position in the T1 
neuromere. (B-E) Shown are multiple samples for four different leg motor 
neurons, Lin B-Co4 (B; 6 samples), Lin A-Ti10 (C; 3 samples), Lin B-Tr1 (D; 4 
samples), and Lin A-Fe3 (E; 4 samples). For each set, heat maps (as in Figure 
2.7) quantifying the degree of dendritic overlap, eight sector quantification data, 
and the individual images are shown. Red asterisks indicate sensory or inter 









































Supplementary Figure 2.2. Lineage A motor neurons projecting to the tibia.  
 
The four muscles in the tibia are innervated by Lin A motor neurons as follows: 
tarsus reductor muscle (tarm; 1); tarsus levator muscle (talm;1); tarsus depressor 
muscle (tadm; 3); and long tendon muscle 1 (ltm1; 9). (A-N) Representative 
examples of individually labeled Lin A motor neurons that target the tibia. For 
each clone, the T1 leg and CNS were dissected and imaged from the same 
animal. For those cases where additional cells were labeled, the red arrow points 
to the Lin A cell body. Dendrites that cross the midline are indicated by the green 
arrows. Purple asterisks (*) indicate labeled sensory or inter neurons, which were 
easily distinguished from motor neurons. For each labeled clone, three T1 
neuromere images are shown: 'total' shows a single projection for ~40 images 
taken along the Z axis; 'middle' shows a projection for the middle ~1/3 of these 
images; and 'ventral' shows a projection for the ventral ~1/3 of these images. 
Images of the tibia are shown in the middle column, and schematics of the tibia, 
with the muscles color-coded as in Figure 2.1, are shown in the column on the 
right; axons are shown in black. The midlines of the CNSs are indicated by the 



































Supplementary Figure 2.3. Lineage A motor neurons projecting to the 
femur.  
 
Three of the four muscles in the femur are innervated by Lin A motor neurons: 
tibia reductor muscle (tirm; 7); tibia depressor muscle (tidm; 4); and the long 
tendon muscle 2; (ltm2; 2).  (A¬M) Representative examples of individually 
labeled Lin A motor neurons that target the femur. For each clone, the T1 leg and 
CNS were dissected and imaged from the same animal. For those cases where 
additional cells were labeled, the red arrow points to the Lin A cell body. 
Dendrites that cross the midline are indicated by the green arrows. Purple 
asterisks (*) indicate labeled sensory or inter neurons, which were easily 
distinguished from motor neurons. For each labeled clone, three T1 neuromere 
images are shown: 'total' shows a single projection for ~40 images taken along 
the Z axis; 'middle' shows a projection for the middle ~1/3 of these images; and 
'ventral' shows a projection for the ventral ~1/3 of these images. Images of the 
femur are shown in the middle column, and schematics of the femur, with the 
muscles color-coded as in Figure 2.1, are shown in the column on the right; 
axons are shown in black. The midlines of the CNSs are indicated by the blue 



























Supplementary Figure 2.4. Minor leg motor neuron lineages.  
 
(A-O) Representative examples of individually labeled motor neurons from Lin C 
to Lin K (A-K) and MNs V, W, X, and Y (L-O). Images and labeling are the same 
as for Supp. Figures 2.2 and 2.3. For Lin H, both motor neurons in this lineage 
were labeled; individual axons are colored black or green. For Lin I, although two 
cell bodies were labeled in the CNS, we have been unable to distinguish the two 
axons in the femur. The motor neurons derived from these minor lineages target 
muscles in the coxa (trlm, Lin C and Lin E; trrm, Lin D, Lin F, and Lin J), the 
trochanter (ferm, Lin G), and the femur (ltm2 and tidm, Lin H; tilm, Lin I; tidm, Lin 
K). Finally, the four additional motor neurons that we have not assigned to a 
specific lineage (MN V to MN Y) all target muscles in the femur (tilm, MN V; tidm, 
MN W and MN Y; and tirm, MN X). The midlines of the CNSs are indicated by the 





































Supplementary Figure 2.5. Analysis of samples with multiply labeled motor 
neurons.  
 
This bar graph shows the birth dates and motor neuron identities for all 20 
examples of the 428 total samples in which more than one motor neuron was 
labeled --in all cases, at least one was on the left side and one was on the right 
side. The birth dates recorded here on the Y axis represent the mean birth date 
calculated from the entire data set for that neuron (see Figure 2.6 for these data). 
In all cases, the birth dates of motor neurons labeled in the same animal, and 
thus by the same heat shock, are within 2 hours of each other. 7 of these 20 
examples label the identical neuron on the right and left sides of the same animal 




































Supplementary Figure 2.6. Supplementary analyses of dendritic patterns. 
  
Shown are dendritic overlap heat maps (as in Figure 2.7) and eight sector data 
for groups of leg motor neurons as indicated.  
 
(A) Eight sector definition.  
 
(B) All motor neurons targeting any levator muscle.  
 
(C) All Lin B motor neurons.  
 
(D) All motor neurons targeting any reductor muscle.  
 
(E) The 9 motor neurons targeting reductor muscles that clustered together in 
Figure 2.7D.  
 
(F) All motor neurons targeting the coxa.  
 
(G) The 6 motor neurons targeting the coxa that clustered together in Figure 
2.7D.  
 
(H) All motor neurons targeting the trochantor levator muscle (trlm).  
 
(I) All motor neurons targeting the tarsus depressor muscle (tadm).  
 
(J) All motor neurons targeting the trochanter reductor muscle (trrm).  
 












Bässler, U., and Büschges, A. (1998). Pattern generation for stick insect walking 
movements--multisensory control of a locomotor program. Brain Res Brain Res  
 
Rev 27, 65-88. Bhat, K. M. (1998). Cell-cell signaling during neurogenesis: some 
answers and many questions. Int J Dev Biol 42, 127-139. Brenner, S. (1974).  
 
The genetics of Caenorhabditis elegans. Genetics 77, 71-94. Brenowitz, G. L., 
Collins, W. F., 3rd, and Erulkar, S. D. (1983). Dye and electrical coupling 
between frog motoneurons. Brain Res 274, 371-375.  
 
Broadus, J., Skeath, J. B., Spana, E. P., Bossing, T., Technau, G., and Doe, C. 
Q. (1995). New neuroblast markers and the origin of the aCC/pCC neurons in the 
Drosophila central nervous system. Mech Dev 53, 393-402.  
 
Brody, T., and Odenwald, W. F. (2005). Regulation of temporal identities during 
Drosophila neuroblast lineage development. Curr Opin Cell Biol 17, 672-675.  
 
Burrows, M. (1992). Local circuits for the control of leg movements in an insect. 
Trends Neurosci 15, 226-232. Burrows, M. (1996). The neurobiology of an insect 
brain (New York: Oxford University Press, Inc.).  
 
Burrows, M., and Horridge, G. A. (1974). The organization of inputs to 
motoneurons of the locust metathoracic leg. Philos Trans R Soc Lond B Biol Sci 
269, 49-94.  
 
Büschges, A., Akay, T., Gabriel, J. P., and Schmidt, J. (2008). Organizing 
network action for locomotion: insights from studying insect walking. Brain Res 
Rev 57, 162-171.  
 
Dasen, J. S., Tice, B. C., Brenner-Morton, S., and Jessell, T. M. (2005). A Hox 
regulatory network establishes motor neuron pool identity and target-muscle 
connectivity. Cell 123, 477¬ 
491.  
 
Delcomyn, F. (1989). Walking in the American cockroach: the timing of motor 
activity in the legs during straight walking. Biol Cybern 60, 373-384.  
 
Dixit, R., Vijayraghavan, K., and Bate, M. (2008). Hox genes and the regulation 
of movement in Drosophila. Dev Neurobiol 68, 309-316. Doe, C. Q. (2006). 
Chinmo and neuroblast temporal identity. Cell 127, 254-256.  
 
92
Doe, C. Q., and Skeath, J. B. (1996). Neurogenesis in the insect central nervous 
system. Curr Opin Neurobiol 6, 18-24.  
 
Drew, T., Kalaska, J., and Krouchev, N. (2008). Muscle synergies during 
locomotion in the cat: a model for motor cortex control. J Physiol 586, 1239-1245.  
 
Estella, C., and Mann, R. S. (2008). Logic of Wg and Dpp induction of distal and 
medial fates in the Drosophila leg. Development 135, 627-636.  
 
Estella, C., McKay, D. J., and Mann, R. S. (2008). Molecular integration of 
wingless, decapentaplegic, and autoregulatory inputs into Distalless during 
Drosophila leg development. Dev Cell 14, 86-96.  
 
Feng, G., Laskowski, M. B., Feldheim, D. A., Wang, H., Lewis, R., Frisen, J., 
Flanagan, J. G., and Sanes, J. R. (2000). Roles for ephrins in positionally 
selective synaptogenesis between motor neurons and muscle fibers. Neuron 25, 
295-306.  
 
Fuerstenberg, S., Broadus, J., and Doe, C. Q. (1998). Asymmetry and cell fate in 
the Drosophila embryonic CNS. Int J Dev Biol 42, 379-383.  
 
Hultborn, H., and Nielsen, J. B. (2007). Spinal control of locomotion--from cat to 
man. Acta Physiol (Oxf) 189, 111-121.  
 
Ito, K., and Awasaki, T. (2008). Clonal unit architecture of the adult fly brain. Adv 
Exp Med Biol 628, 137-158.  
 
Jacob, J., Maurange, C., and Gould, A. P. (2008). Temporal control of neuronal 
diversity: common regulatory principles in insects and vertebrates? Development 
135, 3481-3489.  
 
Jan, L. Y., and Jan, Y. N. (1976). L-glutamate as an excitatory transmitter at the 
Drosophila larval neuromuscular junction. J Physiol 262, 215-236.  
 
Jefferis, G. S., Marin, E. C., Stocker, R. F., and Luo, L. (2001). Target neuron 
prespecification in the olfactory map of Drosophila. Nature 414, 204-208.  
 
Jessell, T. M. (2000). Neuronal specification in the spinal cord: inductive signals 
and transcriptional codes. Nat Rev Genet 1, 20-29.  
 
Karbowski, J., Cronin, C. J., Seah, A., Mendel, J. E., Cleary, D., and Sternberg, P. 
W. (2006). Conservation rules, their breakdown, and optimality in Caenorhabditis 
sinusoidal locomotion. J Theor Biol 242, 652-669.  
 
Kiehn, O. (2006). Locomotor circuits in the mammalian spinal cord. Annu Rev 
Neurosci 29, 279-306.  
93
 
Komiyama, T., and Luo, L. (2007). Intrinsic control of precise dendritic targeting 
by an ensemble of transcription factors. Curr Biol 17, 278-285.  
 
Krouchev, N., Kalaska, J. F., and Drew, T. (2006). Sequential activation of 
muscle synergies during locomotion in the intact cat as revealed by cluster 
analysis and direct decomposition. J Neurophysiol 96, 1991-2010.  
 
Landgraf, M., Jeffrey, V., Fujioka, M., Jaynes, J. B., and Bate, M. (2003). 
Embryonic origins of a motor system: motor dendrites form a myotopic map in 
Drosophila. PLoS Biol 1, E41.  
 
Landmesser, L. (1978). The distribution of motoneurones supplying chick hind 
limb muscles. J Physiol 284, 371-389.  
 
Laskowski, M. B., and Sanes, J. R. (1987). Topographic mapping of motor pools 
onto skeletal muscles. J Neurosci 7, 252-260.  
 
Leber, S. M., Breedlove, S. M., and Sanes, J. R. (1990). Lineage, arrangement, 
and death of clonally related motoneurons in chick spinal cord. J Neurosci 10, 
2451-2462.  
 
Lee, T., Lee, A., and Luo, L. (1999). Development of the Drosophila mushroom 
bodies: sequential generation of three distinct types of neurons from a neuroblast. 
Development 126, 4065-4076.  
 
Lee, T., and Luo, L. (1999). Mosaic analysis with a repressible cell marker for 
studies of gene function in neuronal morphogenesis. Neuron 22, 451-461.  
 
Mahr, A., and Aberle, H. (2006). The expression pattern of the Drosophila 
vesicular glutamate transporter: a marker protein for motoneurons and 
glutamatergic centers in the brain. Gene Expr Patterns 6, 299-309.  
 
Maqbool, T., and Jagla, K. (2007). Genetic control of muscle development: 
learning from Drosophila. J Muscle Res Cell Motil 28, 397-407.  
 
Marin, E. C., Jefferis, G. S., Komiyama, T., Zhu, H., and Luo, L. (2002). 
Representation of the glomerular olfactory map in the Drosophila brain. Cell 109, 
243-255.  
 
Maurange, C., Cheng, L., and Gould, A. P. (2008). Temporal transcription factors 




Maurange, C., and Gould, A. P. (2005). Brainy but not too brainy: starting and 
stopping neuroblast divisions in Drosophila. Trends Neurosci 28, 30-36. Morata, 
G. (2001). How Drosophila appendages develop. Nat Rev Mol Cell Biol 2, 89-97.  
 
Naka, H., Nakamura, S., Shimazaki, T., and Okano, H. (2008). Requirement for 
COUP-TFI and II in the temporal specification of neural stem cells in CNS 
development. Nat Neurosci.  
 
Panganiban, G. (2000). Distal-less function during Drosophila appendage and 
sense organ development. Dev Dyn 218, 554-562. Pearson, B. J., and Doe, C. Q. 
(2004). Specification of temporal identity in the developing nervous system. Annu 
Rev Cell Dev Biol 20, 619-647.  
 
Prokop, A., and Technau, G. M. (1991). The origin of postembryonic neuroblasts 
in the ventral nerve cord of Drosophila melanogaster. Development 111, 79-88.  
 
Schnabel, R. (1991). Early determinative events in Caenorhabditis elegans. Curr 
Opin Genet Dev 1, 179-184. Schnabel, R. (1997). Why does a nematode have 
an invariant cell lineage? Semin Cell Dev Biol 8, 341-349.  
 
Siegler, M. V., Phong, M. P., and Pousman, C. A. (1991). Motor neurons 
supplying hindwing muscles of a grasshopper: topography and distribution into 
anatomical groups. J Comp Neurol 311, 342-355.  
 
Siegler, M. V., and Pousman, C. A. (1990). Distribution of motor neurons into 
anatomical groups in the grasshopper metathoracic ganglion. J Comp Neurol 297, 
313-327.  
 
Soler, C., Daczewska, M., Da Ponte, J. P., Dastugue, B., and Jagla, K. (2004). 
Coordinated development of muscles and tendons of the Drosophila leg. 
Development 131, 6041-6051.  
 
Strauss, R., and Heisenberg, M. (1990). Coordination of legs during straight 
walking and turning in Drosophila melanogaster. J Comp Physiol [A] 167, 403-
412.  
 
Sulston, J. E. (1976). Post-embryonic development in the ventral cord of 
Caenorhabditis elegans. Philos Trans R Soc Lond B Biol Sci 275, 287-297.  
 
Sulston, J. E. (1983). Neuronal cell lineages in the nematode Caenorhabditis 
elegans. Cold Spring Harb Symp Quant Biol 48 Pt 2, 443-452. Sulston, J. E., and  
 
Horvitz, H. R. (1977). Post-embryonic cell lineages of the nematode, 
Caenorhabditis elegans. Dev Biol 56, 110-156.  
 
95
Suster, M. L., and Bate, M. (2002). Embryonic assembly of a central pattern 
generator without sensory input. Nature 416, 174-178.  
 
Tresch, M. C., and Kiehn, O. (2000). Motor coordination without action potentials 
in the mammalian spinal cord. Nat Neurosci 3, 593-599.  
 
Truman, J. W., and Bate, M. (1988). Spatial and temporal patterns of 
neurogenesis in the central nervous system of Drosophila melanogaster. Dev 
Biol 125, 145-157.  
 
Truman, J. W., Schuppe, H., Shepherd, D., and Williams, D. W. (2004). 
Developmental architecture of adult-specific lineages in the ventral CNS of 
Drosophila. Development 131, 5167¬5184.  
 
Tryba, A. K., and Ritzmann, R. E. (2000a). Multi-joint coordination during walking 
and foothold searching in the Blaberus cockroach. I. Kinematics and 
electromyograms. J Neurophysiol 83, 3323-3336.  
 
Tryba, A. K., and Ritzmann, R. E. (2000b). Multi-joint coordination during walking 
and foothold searching in the Blaberus cockroach. II. Extensor motor neuron 
pattern. J Neurophysiol 83, 3337-3350.  
 
Tsuchida, T., Ensini, M., Morton, S. B., Baldassare, M., Edlund, T., Jessell, T. M., 
and Pfaff, S. L. (1994). Topographic organization of embryonic motor neurons 
defined by expression of LIM homeobox genes. Cell 79, 957-970.  
 
Vrieseling, E., and Arber, S. (2006). Target-induced transcriptional control of 
dendritic patterning and connectivity in motor neurons by the ETS gene Pea3. 
Cell 127, 1439-1452.  
 
Wong, A. M., Wang, J. W., and Axel, R. (2002). Spatial representation of the 





























DUAL ROLE FOR HOX GENES AND HOX COFACTORS IN 



















   
3.1 Summary 
 
Drosophila larvae crawl using coordinated movement of body wall 
muscles. This simple movement requires about 30 motor neurons targeting body 
wall muscles.  In contrast, adult Drosophila walks with six multi-jointed legs that 
are each controlled by about 50 leg motor neurons. Although most leg MNs are 
born from the larval stage neuroblasts (NBs), little is known about how these 
MNs are specified. In the vertebrate spinal cord, Hox genes are a major 
determinant of MN subtype. In this study, we describe the function of Hox genes 
and homothorax (hth), which encodes a Hox cofactor, in adult Drosophila leg MN 
development. Surprisingly, removing either Hox or hth function induces neuronal 
apoptosis, suggesting that they are required for post-mitotic neuronal survival. 
We also find that Hox genes and hth are required for precise dendritic and axonal 
arborization. Without either Hox or hth, leg MNs dendrites cross the midline. Here 
we present, for the first time, evidence of Hox and hth function in leg MNs identity 




Animal locomotion requires coordinated muscle contractions that are 
controlled by motor neurons. Motor neurons receive locomotion commands in the 
central nervous system (CNS) and execute these commands by controlling 
muscle contractions in the periphery.  Most animals adopt one of two forms of 
locomotion. Undulatory movements, exhibited by C. elegans and Drosophila 
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larvae, require coordinated body wall muscle contractions of the dorso-ventral 
and antero-posterior axes. On the other hand, walking by animals such as mice 
and adult Drosophila requires well-coordinated leg movements. In general, 
animal legs are composed of multiple segments, separated by bendable joints. 
When animals walk, the bending of each leg joint must be coordinated within 
each leg and between legs. How this coordination occurs is currently not well 
understood. 
It has been hypothesized that legged animals are evolved from annelid 
like animals (Shubin et al., 1997). During insect evolution, similar shaped legs 
were formed in every body segment and later on only three pairs of legs 
remained in thoracic segments. In addition, legs in some segments have specific 
functions, such as the large locust hind legs used for jumping. During leg 
evolution, motor neurons also needed to evolve to adapt to new locomotion 
systems. How are these requirements satisfied during evolution and 
development? Because multi-jointed legs movements require more muscles and 
more sophisticated muscle contractions, more motor neurons need to be 
generated and their axonal and dendritic targeting need to be more 
sophisticated.  
Vertebrate limb locomotion is controlled by MNs that have their cell bodies 
in the spinal cord. The number of MNs in brachial and lumbar levels, where limb 
motor neurons are located, is larger than that in the thoracic level, in which only 
body wall motor neurons are located (Jung et al., 2010). Spinal cord motor 
neurons are generated by motor neuron progenitors (pMNs). pMNs are 
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generated in a specific dorso-ventral domain in the neural tube, which is 
determined by the gradient action of Sonic the hedgehog (Shh) (Dasen and 
Jessell, 2009; Jessell, 2000). Once generated from pMNs, the cell bodies of 
spinal cord MNs that target the same muscle are grouped together thereby 
forming a topographic map (Landmesser and Pilar, 1978). Along the antero-
posterior (A-P) axis of the spinal cord, MNs are organized into columnar 
identities: the MMC exists along the entire spinal cord, the LMC within the 
brachial and lumbar levels and the HMC within the thoracic level. MNs of each 
motor column are further subdivided into divisional identities, such that motor 
neurons targeting dorsal limb muscles are located in the lateral LMC (LMCl) and 
MNs targeting ventral limb muscles are located in the medial LMC (LMCm).  
Recently it has been shown that Hox genes are one of the key regulators for 
vertebrate spinal cord MNs specification (Dasen et al., 2003; 2005; Dasen and 
Jessell, 2009; Jung et al., 2010). MMC motor neurons controlling axial body 
muscles seem to be specified independently of Hox (Dasen et al., 2003). 
However, Hox genes, Hox cofactors, and Foxp1, a Hox accessory factor, are 
required for other spinal cord MNs columnar and pool specification. Hox6 
paralogs and Hox10 paralogs determine the LMC identities at the brachial level 
and lumbar level, respectively. Hox9 paralogs determine PGC and HMC 
identities at the thoracic level. Foxp1 is strongly expressed in LMC MNs, weakly 
expressed in PGC MNs and not expressed in HMC MNs. In Foxp1 mutant mice, 
LMC and PGC MNs show HMC MN like identities. 11 Hox proteins are 
expressed in brachial level limb MNs. Cross-interactions among these 11 Hox 
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genes regulate the brachial limb MN pool identities. During evolution, it seems 
that somehow the HMC, which is amenable to Hox manipulation, is formed and 
later on Hox genes and Foxp1 specified the HMC into the LMC and the PGC 
(Dasen et al., 2008).  
Unlike vertebrate spinal cord motor neuron systems, in which motor neuron 
progenitors are originated from apparently uniform neuroectodermal cells and 
produce generic motor neurons (Jessell, 2000) in insects, such as Drosophila, 
neuronal progenitors, neuroblasts (NBs), are specified by positional cues in the 
neuroectoderm (Doe and Goodman, 1985). Each NB has a distinct identity and 
produces a unique set of progeny. In each Drosophila thoracic hemisegment, 
there are 30 embryonic NBs and at larval stages, 25 adult specific NBs. Each NB 
is located in a stereotypic antero-posterior and medio-lateral position in the 
ventral nerve cord (VNC) (Broadus et al., 1995; Truman et al., 2004); 10 NBs 
produce 31 MNs targeting 30 body wall muscles in the embryo (Bossing et al., 
1996) and later on, at the larval stage 11 adult specific NBs give rise to around 
50 MNs targeting adult leg muscles (Baek and Mann, 2009). Although, in 
Drosophila, neuronal cell bodies are located in a stereotypic position in the CNS 
(Landgraf et al., 2003; Baek and Mann, 2009; Truman et al., 2004), motor neuron 
cell bodies are not grouped into functional units. Instead of having a cell body 
topographic map, Drosophila motor neurons have a dendritic topographic map, 
such that motor neurons targeting similar muscles share antero-posterior and 
medio-lateral territories of the CNS (Landgraf et al., 2003; Baek and Mann, 2009; 
Mauss et al., 2009). Similar to vertebrates, adult Drosophila walks using multi 
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jointed legs, which requires well-coordinated muscle contractions within each leg 
and between legs. In order to coordinately regulate muscle contractions 
Drosophila leg motor neurons need to receive similar inputs from the CNS as in 
vertebrates even if it is through dendrites or cell bodies.  
Adult Drosophila has three pairs of legs in thoracic segments. Each leg pair 
is used for unique purposes. For example, T1 and T3 legs are used for grooming 
and T2 legs are used for jumping (Trimarchi and Schneiderman, 1993; Dawkins 
and Dawkins, 1976). Although in general, similar sets of muscles are observed in 
each leg, there is slight difference in muscle numbers among legs (Soler et al., 
2004). In locusts, hind legs are much larger than the other legs and used for 
jumping. How are these unique sets of legs formed? It has been hypothesized 
that insect legs originated from millipede like legs (Snodgrass, 1935; Shubi et al., 
1997), which have fused proximal leg segments and segmented distal segments 
and Hox genes and Hox cofactors are involved in generating diversification of leg 
types from an ancient ground state leg (Casares and Mann, 2001). In order to 
generate leg that can accomplish specific locomotive tasks, modern insects need 
to have a greater number of leg motor neurons and well-coordinated motor 
control than insect ancestors with simpler legs. Are Hox genes required for 
generating leg motor neuron identities like in the vertebrate spinal cord motor 
neuron system? 
Although a lot of information about Hox gene function has come from 
Drosophila, the role of Hox genes in the CNS has been mostly roles in 
programmed cell death events for generating thoracic and abdominal specific 
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CNS structures. For example, Abdominal-B (Abd-B) prevents dMP2 and MP1 
neuronal apoptosis (Miguel-Aliaga and Thor, 2004). Abd-B also, triggers 
apoptosis of the Va neurons (Suska et al., 2011). Low levels of Hth, and Ubx, 
abd-A, and Abd-B regulate abdominal Ap NB cell death (Karlsson et al., 2010). 
abdominal-A (abd-A) triggers NB apoptosis in abdominal segments during the 
larval stage and ectopic Antp and Ubx expression trigger NB apoptosis in 
thoracic segments(Bello et al., 2003; Maurange et al., 2008; Cenci and Gould, 
2005). Nevertheless, the information about the Hox function for the neuronal 
identity formation is very limited. Only recently it has shown that Antp specifies a 
subset of Ap neurons in a feed-forward manner (Karlsson et al., 2010).  
Unlike Drosophila embryonic MNs, which control a very simple peristaltic-
based type of locomotion, adult leg MNs target multi-jointed legs and control 
walking, in a very similar way as legged vertebrates. Using the Drosophila leg 
MN system, we characterized the role of Hox genes and hth in leg MN 
development, questions that cannot be as easily addressed in vertebrate 
systems. 
Our findings reveal that Hox genes and Hox cofactors are not only required 
for generating motor neurons with the correct identities, they are also required for 
MN survival; without Hox and hth function, first, leg motor neurons undergo 
apoptosis, second, motor neuron axons show aborization defects, third, motor 
neuron dendrites cross midline and segmental boundary, which are all important 
for motor neurons to receive correct inputs from the CNS and to deliver motor 
commands to correct target muscles. 
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3.3 Results 
 
3.3.1 Hox gene expression pattern in leg MNs.  
In Drosophila melanogaster, there are 8 Hox genes: labial (lab), 
proboscipedia (pb), Deformed (Dfd), Sex comb reduced (Scr), Antennapedia 
(Antp), Ultrabithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) 
(McGinnis and Krumlauf, 1992). We examined the expression pattern of these 8 
Hox genes and that of hth and exd, two hox cofactors in adult Drosophila leg 
MNs. Around 50 leg MNs are born from 11 leg MN lineages in each hemi-
segment (Baek and Mann, 2009). In our current studies we focused on Lin A 
because Lin A generates the largest number of leg MNs and can be easily 
recognized by their cell body position and muscle target site. The Lin A NB gives 
rise to about 28 leg MNs (Fig. 6; Baek and Mann, 2009). At the larval stage, NBs, 
which are located on the ventral side of the ventral nerve cord (VNC), give rise to 
adult neuronal lineages, in which early born neurons are located dorsally and 
later-born neurons are located more ventrally (Maurange et al., 2008). Lin A MNs 
are generated from the Lin A NB between the early 2nd instar stage and the late 
3rd instar stage (Baek and Mann, 2009). Lin A MN cell bodies are located 
medially in the VNC and send out axons toward the leg imaginal disc through leg 
nerve at the wandering larval stage (Fig. 1; Truman et al, 2004). Later, at the 
pupal stage, Lin A leg MN cell bodies move to their final positions, and dendritic 
and axonal branches begin to form (Fig. 1).  
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We checked the expression pattern of all 8 Hox genes, hth and exd in leg 
MNs by immunostaining. We found only 3 Hox proteins, Pb, Antp and Ubx, and 
both Hox cofactors expressed in thoracic segments of the VNC, where leg MN 
cell bodies are located, at late larval and mid-pupal stages (Fig. 2). We further 
examined the expression pattern of Hox genes and Hox cofactors in Lin A MNs. 
To label Lin A leg MN lineages we used mosaic analysis with a repressible cell 
markers (MARCM; Lee and Luo, 1999), where single clones were labeled with 
mCD8GFP driven by Vglut-Gal4 (also called OK371; Mahr and Aberie, 2006), 
which is expressed in nearly all of motor neurons in Drosophila. 
Lin A MNs in all three thoracic segments expressed Antp protein at the 
larval stage (Fig. 3 and Fig. 5). Antp was most highly expressed in ventrally 
located cells and expressed at low levels in dorsally located cells. Considering 
that early born neurons are located more dorsally than later born neurons, Antp 
levels appear to decrease in Lin A MNs as they mature. In addition to Antp, Ubx 
was the only Hox protein expressed in Lin A MNs at the wandering stage; around 
5 Lin A MNs of the T3 segment weakly expressed Ubx protein (Fig. 3 and Fig. 5). 
Although, Pb is expressed in all three thoracic segments, Pb is not expressed in 
Lin A MNs at wandering stages (Fig. 2 and data not shown). Adult Drosophila 
has another major leg MN lineage, Lin B that produces 7 leg motor neurons 
targeting coxa, trochanter, and distal femur leg segments (Baek and Mann, 
2009). Unexpectedly, Pb protein was expressed in only 3 Lin B MNs in each of 
the three thoracic segments (Supp. Fig. 2). Hox expression patterns changed at 
the mid-pupal stage. At the mid-pupal stage, Antp and Ubx were expressed 
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(A-C) Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP. Lin A clones in 
T2 segments are shown. 
 
(A) Cell bodies and dendrites of Lin A MNs in the CNS.  
Leg neuropil regions are pink colored. 
 
(B) Lin A MN axons in the periphery. Only green channel from (C) is shown. 
Wandering stage leg imaginal disc, pupal stage leg, and adult stage leg  
are outlined in pink. VNCs are outlined in blue dotted lines.  
 
(C) Lin A clones in the CNS and in the periphery.  
Each tissue was visualized as follow: neuropil by d-CSP2 (red), imaginal discs by 
Dll (blue), and clones by GFP (green). 
Leg motor neuron clones were visualized by GFP (green).  
Red channel in pupal stages legs represents cuticle auto-fluorescence.  
VNCs are outlined in blue dotted lines.  

















Figure 3.2 Hox expression patterns during the late larval and mid-pupal 
stages. 
 
(A-B) All Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
Dfd antibody generated high background; partial z-stack images were merged. 
High background in Lab and Pb stainings were removed using Remove Outlier 
tools in Image J. Thoracic segments are marked with purple dotted boxes. 
 
 
(A) Wandering larval stage Hox expression patterns.  
 
(B) 3-4 day pupal stage Hox expression patterns.  
 
(C) Summary of Hox expression patterns. 
  
Antp, Ubx, and Pb are three Hox genes expressed in thoracic segments, in which 
leg motor neurons are located.  
Lab, Dfd, and Scr relative segmental positions were not checked. 
 

















Figure 3.3 Hox expression patterns in late larval stage Lin A MNs. 
 
(B-D) Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP (green). 
Magnified areas are indicated by yellow arrows on images and are marked with 
red boxes on CNS diagrams (left).  
 
(A) Schematic representation of Lin A in the larval stage CNS.  
Lin A NB (light blue) is positioned near to the ventral side of the VNC. Lin A NB 
progeny (green) are located on top of the Lin A NB. Early born MNs are located 
dorsally and later born MNs are located ventrally. 
Five z-stack slices between ventral and dorsal sides of the VNC, are shown in 
(B-D). 
 
(B) Antp (red) expression in WT Lin A clones (green) during late larval stages.  
1-5 represent individual Z-stack slices shown in (A). 
From top to bottom: Clones from T1, T2, and T3 segments.  
Antp protein level is high in ventrally located MNs and low in dorsally located 
MNs. 
 
(C) Antp (red) expression in Antp-/- Lin A clone (green) in a T3 segment during 
late larval stages. 
1-5 represent individual Z-stack slices shown in (A). 
In Antp-/- Lin A clone, Antp protein was not detected, suggesting that Antp 
antibody is Antp protein specific. 
 
(D) Ubx (red) and Scr (blue) expression in WT Lin A clone (green) during late 
larval stages.  
1-5 represent individual Z-stack slices shown in (A). 
From top to bottom: clones in T1 and T3 segments.  









   
in all Lin A MNs of the T2 segment and the T3 segment, respectively (Fig. 4 and 
Fig. 5). Several Lin A MNs weakly expressed Antp in T1 and T3 segments. As at 
the larval stage, no other Hox proteins were detected in Lin A MNs at the mid-
pupal stage. Pb was also expressed in 3 Lin B MNs at the mid-pupal stage 
(Supp. Fig. 3). Hth and Exd were expressed in all Lin A MNs in both larval and 
pupal stages (Supp. Fig. 1, Supp. Fig. 2, and Supp. Fig. 3).  
 
3.3.2 Removing Hox or hth function results in fewer MNs 
To check if Hox genes and hth are required for specifying leg MNs, 
especially Lin A MNs, we generated single NB clones and analyzed the 
phenotypes resulting from removing all three thoracic Hox genes (Scr, Antp, Ubx; 
although Scr protein was undetectable in leg MNs; from now on Hox refers to 
Scr, Antp, and Ubx) or hth mutant MN clones. We generated mutant MARCM 
clones, which were positively labeled by presence of mCD8GFP driven by Vglut-
Gal4 and tub-Gal4 transgenes, together or individually. In either Hox (Scr Antp 
Ubx) or hth mutant MN clones, the number of Lin A MNs in all three segments 
was dramatically reduced at the wandering larval stage; around 32 neurons exist 
in WT clones while only 11 neurons exist in Hox or hth mutant clones (Fig. 6).  
We also generated clones mutant for Antp or Ubx individually. The reduced 
number of MNs was also observed in Antp mutant Lin A clones in the T1 and T2 
segments but not in the T3 segment (around 9 neurons were generated in Lin A 
clones in T1 and T2 and around 25 neurons were generated in Lin A clones in 
the T3 segment at the adult stage; the difference between adult stage motor 
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neuron number and that of larval stage may be came from counting errors 
because of compactly grouped leg MN cell bodies at the adult stage; Fig. 8). Ubx 
mutant Lin A clones did not show any of these phenotypes: ~25 neurons were 
generated in Lin A clones in all three segments at the adult stage (Fig. 8). In 
Drosophila, posterior Hox genes suppress anteriorly located Hox gene function: 
the posterior dominance (Duboule, 1992).  Some cases posterior Hox genes 
suppress anterior Hox genes expression in the Drosophila embryonic CNS and 
the vertebrate CNS (Hafen et al., 1984; Jung et al., 2010). Some Hox genes 
have shared functions (Mann et al., 2009; Joshi et al., 2010; Coiffier et al., 2008). 
We hypothesized that anterior Hox genes might be depressed in Ubx mutant Lin 
A motor neurons in the T3 segment and compensate for Ubx function. We 
examined the all Hox genes expression patterns in Ubx mutant Lin A clones. Out 
of 8 Hox genes, only Antp was de-repressed in Ubx mutant Lin A clones in T3 
segments during pupal stages (Fig. 8 and data not shown) indicating that Ubx 
suppresses Antp expression in T3 Lin A MN and somehow de-repressed Antp 
compensates Ubx function in T3 Lin A motor neuron development.  
 
3.3.3 Neuronal apoptosis in Hox and hth mutants Lin A clones 
In Hoxc8 mutant mice, the number of LMC neurons decreased by about 
30% (Tiret et al., 1998). However, it remains to be answered what is the 
mechanism underlying this cell number change. Although this reduced cell 




   
 
 
Figure 3.4 Hox expression patterns in mid pupal stage Lin A MNs. 
 
(A) Schematic representation of Lin A in the pupal stage CNS.  
Lin A motor cell bodies (green) are located in the ventral side of the thoracic 
ganglion.  
 
(B-D) Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP (green). 
Magnified areas are indicated by yellow arrows on images and are marked with 
red boxes on CNS diagrams (left).  
 
Five z-stack slices between ventral and dorsal sides of the VNC, are shown in 
(B-D). 
 
(B) Antp (red) expression in WT Lin A clones (green) during mid-pupal stages.  
1-5 represent individual Z-stack slices shown in (A). 
From top to bottom: Clones in T1, T2, and T3 segments.  
Antp protein is expressed in all of Lin A MNs in T2 segment with variable 
expression levels; some cells express high levels of Antp than the others. 
Antp protein is expressed at very low levels in several Lin A MNs in T1 and T3 
segments. 
 
(C) Ubx (red) and Scr (blue) expression in WT Lin A clone (green) during mid-
pupal stages.  
1-5 represent individual Z-stack slices shown in (A). 
From top to bottom, T1 and T3 segments are shown.  
Ubx protein is expressed in all of Lin A MNs in T3 segment with variable 
expression levels; some cells express high levels of Antp than the others. 
 
(D) Ubx (red) expression in Ubx-/- Lin A clone (green) in a T3 segment during 
mid-pupal stages. 
1-5 represent individual Z-stack slices shown in (A). 
In Ubx-/- Lin A clone, Ubx protein was not detected, suggesting that Ubx antibody 









   
 
 
Figure 3.5 Summary of Hox expression patterns in Lin A and Lin B MNs.  
 
 (A-B) Schematic summary of Antp (red), Ubx (blue), Pb (purple), and Hth 
(green) expression patterns in Lin A (around 28 cells) and Lin B (7cells) MNs.  
Approximate Lin A cell number is shown. 
Light and Dark colors represent low and high levels of expression, respectively. 
 
(A) Expression patterns during late larval stages.  
Antp is highly expressed in ventrally located cells and at low levels in dorsally 
located cells in Lin A. Antp is expressed in all Lin A and Lin B MNs in all three 
thoracic segments with similar expression patterns. Pb is expressed in only three 
Lin B MNs in all three segments, but not in Lin A. Ubx is expressed at low levels 
in several Lin A MNs in the T3 segment. Hth is expressed in all Lin A and Lin B 
MNs in all three thoracic segments. Hth expression in Lin A vary between Lin A 
MNs; some MNs express high levels of Hth than the others. 
 
(B) Expression patterns during mid-pupal stages.  
Antp is expressed in all Lin A and Lin B MNs in the T2 segment. Several Lin A 
MNs in T1 and T3 segments, express Antp at very low levels.  
Pb is expressed in only three Lin B MNs in all three segments, but not in Lin A.  
Ubx is expressed in all Lin A MNs in the T3 segment with different expression 
levels; some Lin A MNs express high levels of Ubx than the others.  
Hth is expressed in all Lin A and Lin B MNs in all three thoracic segments. Hth 
expression in Lin A vary between Lin A MNs; some MNs express high levels of 













   
apoptosis, it is still unclear if this phenotype is cell autonomous.  
The reduced cell number phenotype observed due to the absence of 
either Hox or hth function in Lin A leg MN lineage could be caused by three 
mechanisms, which may not be mutually exclusive: early NB cell cycle exit, 
premature NB cell death, or post-mitotic neuronal cell death. We examined which 
of these mechanisms was responsible for the reduced cell number phenotype in 
Lin A leg MN lineage lacking either Hox genes or hth function.  
We first checked if the Lin A NB undergoes premature cell death. At the 
early 3rd instar larval stage, NBs, labeled by Deadpan (Dpn), were present in 
both WT and mutant Lin A clones (Supp. Fig. 5). At the same stage, the Lin A NB 
also generated a similar number of progeny in both WT and mutant Lin A clones 
(Supp. Fig. 5). Therefore, early Lin A NB cell death or early cell cycle exit is not 
the cause of the reduced cell number phenotype.  To check if apoptosis is 
involved in the reduced cell number phenotype, we blocked cell death by the 
ectopic expression of p35, a downstream caspase inhibitor from Baculovirus 
(Hay et al., 1995). Ectopic p35 expression by Vglut-Gal4 and tub-Gal4 drivers 
together, in Hox or hth mutant Lin A clones, dramatically rescued the reduced 
cell number phenotype (Fig. 6). WT or mutant Lin A clones expressing p35 had 
even a greater number of neurons than WT Lin A clones not expressing p35 (Fig. 
6), suggesting daughter cells normally programmed to apoptosis, survive. 
Indeed, some of the Lin A daughter cells undergo apoptosis (Truman et al., 
2010). An alternative explanation is the prolonged survival of the Lin A NB, which 
in the wild type disappears at the mid-3rd instar larval stage (Truman et al., 2010).  
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The Lin A NB also generates glial cells (Repo +) that surround the leg 
neuropil at the late larval stage, which is examined by labeling clones using 
Vglut-Gal4 and tub-Gal4 drivers together (Fig. 6). Previously we examined using 
Vglut-Gal4 driver to label Lin A clones, and thus could not identify glial cells 
existence in Lin A (Baek and Mann, 2009). Lin A (another name is Lin 15) was 
also examined in another group using tub-Gal4, act-Gal4, and elav-Gal4 drivers, 
however they did not report that Lin A produces glia cells (Truman et al., 2004); it 
might be because their observations were mostly based on clones labeled by the 
elav-Gal4 driver, which is a pan-neuronal Gal4 driver.  
Although ectopic p35 expression driven by Vglut-Gal4 and tub-Gal4 drivers 
together, in mutant Lin A clones rescued the number of Elav+ neurons, the 
number of Repo+ glial cells was not rescued. This suggests that apoptotic cell 
death does not cause the reduced glia cell number phenotype. Embryonic NBs 
produce both neurons and glia (Schmid et al., 1999; Schmidt et al., 1997). At 
embryonic stage 16, Hox genes are expressed broadly in the entire CNS, while 
Hox genes are expressed in few glia cells (Miguel-Aliaga and Thor, 2004). In Lin 
A, only Antp is weakly expressed in glia cells at the wandering stage while the 
other Hox genes, Hox cofactors, Hth and Exd, are absent (Supp. Fig. 4). The 
Hox and Hox cofactor expression pattern in differentiated glia cells suggests that 
the reduced number of glia cells might be at the progenitor cell level. In this case, 
glia cell progenitors would undergo early cell cycle exit, or glia cell progenitors or 
glia cells would not be generated from the Lin A NB in the absence of Hox genes 
or Hox cofactors.  
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Figure 3.6 Hox and hth mutant phenotypes in Lin A MNs at the late larval 
stage. 
 
(A) Lin A clones were labeled with Tub-Gal4/Vglut-Gal4>UAS-CD8GFP (green).  
Elav (red) marks neurons and Pros (blue) marks later born cells. 
Lin A clones are outlined in light blue dotted lines. 
The magnified areas are indicated by yellow arrows on images and are indicated 
by red boxes on CNS diagrams (left). In the magnified images (middle and right), 
outside of Lin A clones was removed using ImageJ in order to visualize Lin A 
clone clearly.  
From top to bottom: WT, WT (P35), Scr-/-Antp-/-Ubx-/-, Scr-/-Antp-/-Ubx-/- (P35), 
hthP2, and hthP2 (P35) Lin A clones.  
 
(B) Quantification of neurons (Elav+) and glia-like cell numbers in Lin A clones.  
Glia-like cells are defined by lack of Elav expression and the position of cell 
bodies surrounding the leg neuropil.   
Hox and hth mutant Lin A clone show dramatically reduced Lin A cell number.  
Ectopic P35 expression rescued the reduced cell number phenotype only in 
neurons (top) but not in glial cells (bottom).  Even more (~10) neurons are 
generated in P35 expressing WT, and Hox and hth mutant Lin A clones.  
 
(C) WT Lin A clones were labeled with Tub-Gal4/Vglut-Gal4>UAS-CD8GFP 
(green).  
Repo (red) marks glial cells. The magnified areas are indicated by yellow arrows 
on the image and are indicated by red boxes on CNS diagrams (left).  
Glia cells (Repo +) and Neurons are outlined in red dotted lines and green dotted 
lines, respectively. Around 20 Lin A glia cells surround the leg neuropil during 










   
3.3.4 Axonal targeting of Hox and hth mutant leg MNs 
To check if Hox genes and hth are required for MN specification, we first 
examined axonal targeting of mutant leg MN in which an entire lineage (e.g. Lin 
A) was mutant. We labeled axons by expression of mCD8GFP driven by Vglut-
Gal4 and tub-Gal4 transgenes together or individually.  In either Hox (Scr, Antp, 
Ubx) or hth mutant Lin A clones, Lin A MN axons targeted a smaller number of 
regions than wild-type clones, consistent with a reduction in the number of 
surviving MNs (Fig. 7). WT Lin A MNs target proximal and distal femur, and 
nearly entire tibia segments (Fig. 7). Lin A MNs targeting on the most distal 
region of the tibia was highly affected in mutant clones. However, targeting 
defects were randomly distributed in the remaining regions (Fig. 7 and Supp. Fig. 
6). We could not detect any axonal targeting defects in Ubx mutant Lin A clones 
(Fig. 8). Although Antp mutant Lin A clones in the T3 segment had no reduction 
in cell number (see above), they displayed axonal targeting defects (Fig. 8).  
We next examined if rescuing the MN cell number by the expression of p35 could 
restore proper axonal targeting. Although the ectopic p35 expression generally 
rescued the axonal targeting defects, some targeting mistakes as well as ectopic 
targeting events were observed (Fig. 7).  Although Hox and hth functions were 
largely dispensable for leg MN axonal targeting, we observed some exceptions; 
first, restoring cell number in Hox and hth mutant clones resulted in ectopic 
axonal targeting in T1 distal tibia segments (Fig. 7), second, Antp mutant Lin A 
clones in the T3 segment had axonal targeting defects with no change in cell 
number (Fig. 8). However, we note that labeling entire lineages prevents us from 
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Figure 3.7 Hox and hth mutant phenotypes in Lin A MNs at the adult stage. 
 
(A-C) Lin A clones were labeled with Tub-Gal4/Vglut-Gal4>UAS-CD8GFP. (A-B) 
Lin A clones in the T2 segment are shown. (C) Lin A clones in the T3 segment 
are shown.  
 
(A) Axonal targeting of Lin A MN clones in T2 legs at the adult stage.  
From left to right: WT, Scr-/- Antp-/- Ubx -/-, and hthP2 Lin A MN clones.  
Hox and hth mutant Lin A MN clones have axonal targeting defects marked with 
red lines. 
 
(B) Axonal targeting of Lin A MN clones that ectopically express P35, in T2 legs 
at the adult stage. 
From left to right: WT, Scr-/- Antp-/- Ubx -/-, and hthP2 Lin A MN clones.  
Ectopic expression of P35 rescued axonal targeting phenotypes in both Hox and 
hth mutant Lin A clones.  
 
(C) Ectopic expression of P35 generates ectopic axonal targeting.  
From left to right: WT, Scr-/- Antp-/- Ubx -/-, and hthP2 Lin A MN clones.  
In T1 tibia, ectopic axonal targeting was observed in Hox and hth Lin A clones 
























   
examining the dendritic aborization patterns of these neurons, as the neuropil is 
too densely labeled when multiple neurons are labeled. 
 
3.3.5 Axonal and dendritic targeting of individual Hox or hth mutant leg 
MNs 
Individual leg motor neurons have stereotyped dendritic arborization (Baek 
and Mann, 2009). In order to clearly show the function of Hox and hth not only in 
leg MN axonal targeting, but also in dendritic projection, we generated single cell 
MN clones labeled by mCD8GFP driven by Vglut-Gal4 (OK371). Labeling 
individual cells also allows us to examine the patterns of the dendritic 
arborization in the CNS. In this analysis, we examined nearly a half of all ~50 leg 
MNs (Table 1).  
 Either Hox (Scr, Antp, Ubx) or hth mutant single cell MN clones had 
ectopic midline crossing dendrites (15 out of 88 samples in Hox mutant clones; 7 
out of 38 hth mutant clones). Mutant single cell MN clones showed axonal 
arborization defects (17 out of 88 samples in Hox mutant clones; 11 out of 38 hth 
mutant clones). We also checked if Hox and hth are required for the correct 
matching between axonal targeting and dendritic arborization. There were few 
instances of mismatches (2 out of 126 single cell MN clones) between axonal 
and dendritic projections, which suggest Hox and hth function independently from  
matching axonal and dendritic targeting (Supp. Fig. 7). A strong correlation 
between axonal and dendritic targeting is also seen in mutant embryonic MNs; 
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Figure 3.8 Antp-/- and Ubx-/- mutant phenotypes in Lin A MNs. 
 
(A,C) Lin A MN clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
 
(A) Axonal targeting phenotypes of mutant Lin A clones.  
From top to bottom: legs from T1, T2, and T3 segments.  
From left to right: genotypes are WT, Antp-/-, and Ubx-/-. 
Antp mutant Lin A clones have axonal targeting defects in all three segments 
(marked with red lines). Ubx mutant Lin A clones have no axonal targeting 
defects. 
 
(B) Quantification of cell numbers in Lin A clones at the adult stage.  
Cell numbers of WT Lin A clones from all three segments are combined. 
Antp-/- Lin A clones show reduction in cell number in T1 and T2 segments, but 
not in the T2 segment. Ubx-/- Lin A clones have no cell number reduction defects 
in all three segments. 
 
(C) Antp (red) expression patterns in Ubx-/- Lin A MN clones (outlined in light blue 
dotted lines) in T3 segments.  
The magnified areas are indicated by yellow arrows on images and are marked 
with red boxes on CNS diagrams. 1-3 represent individual Z-stack slices.  
Antp only expression in Lin A clone is shown in bottom. In Ubx mutant T3 Lin A 













   
even if each of 6 segment polarity genes is mutated, no mismatch between 
dendritic and axonal targeting is observed (Landgraf et al., 2003). We conclude 
from this single cell clone and previous entire lineage clone data that Hox and hth 
are required for proper axonal and dendritic targeting in a subset of leg MNs.  
 
3.3.6 Differing requirements for Hox and hth in leg MN development 
Although, in general, Hox and hth mutants clones showed similar axonal 
and dendritic defects, Hox and hth mutants clones showed different dendritic 
midline crossing phenotype (7 out of 14 motor neuron types; we grouped leg 
motor neurons based on their axonal target sites). The phenotypic difference 
between Hox and hth mutants was most extreme in Lin B MN clones (Fig. 9 and 
Supp. Fig. 8). Hox mutant Lin B clones showed a reduction in cell number, while 
hth mutant Lin B clones showed only a slight reduction in cell number (Supp. Fig. 
8). Surviving cells in Hox mutant Lin B clones had no ectopic axonal and 
dendritic branching patterns; however, hth mutant Lin B MN clones had 
disorganized axonal branches, and dendrites exhibiting ectopic crossing across 
the midline and segmental boundary (Fig. 9 and Supp. Fig. 9).  In some 
instances, Hox and hth/meis1 regulate each other's function (Casares and Mann, 
1998; 2001; Dasen et al., 2005). In order to see if there might be any cross-
regulatory interactions between Hox and hth, we examined the expression 
pattern of Hox and Hox cofactors in the mutant clones. We could not detect any 
ectopic Hox expression in hth mutant clones or ectopic Hox cofactor expression 
in Hox mutant clones (data not shown).  
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Hox and Hox cofactors expression levels in Lin A MNs during pupal 
stages are variant; some Lin A MNs express high levels of Hox or Hox cofactors 
and some Lin A MNs express low levels of Hox or Hox cofactors (Fig. 4 and 
Supp. Fig. 1). Different expression levels of FoxP1 in the vertebrate spinal cord 
(Dasen et al., 2008) and Hth in the Drosophila embryonic CNS (Karlsson et al., 
2010) have functional roles in specifying neuronal identities. In order to examine 
the role of different levels of Hox and hth expressions in leg motor neuron 
specification, we overexpressed Antp in Lin A and Lin B cells by using Vglut-Gal4 
driver. Indeed, ectopic Antp expression in Lin A MNs inhibited dendrite midline 
crossings and axonal targeting defects in the proximal femur region and ectopic 
axonal targeting in the distal femur region (Supp. Fig. 10). Ectopic expression of 
Antp in Lin B MNs triggered ectopic dendritic midline and segment boundary 
crossing phenotype, which was observed in hth mutant Lin B clones (Supp. Fig. 
9). It is not clear if the ectopic Antp expression phenotype in Lin B MNs is caused 
by suppression of hth expression or inhibition of the Hth function.  
We conclude from this ectopic Antp expression data that in some cells low 
levels of Antp expression are required for proper axonal and dendritic projection.  
 
3.3.7 No compensatory targeting from other MNs 
In vertebrates, skeletal-muscle MNs compete for NMJ formation. When 
one MN is removed, another MN can replace the lost NMJs on muscle fibers 
(Kasthuri and Lichtman, 2003). However, there has been no description of the  
 
 
   
 
Figure 3.9 Hox and hth are differentially required for proper axonal and 
dendritic targeting. 
 
Axons of single cell leg MN clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
In order to visualize MN dendrite clearly, non-leg MN dendrites were removed 
using ImageJ. All clones are from the T1 segment. The Leg neuropil is outlined 
by a light blue dotted line. The midline is indicated by red dotted lines.  
 
From top to bottom: the coxa, femur, and tibia leg segments.  
From left to right: WT, Scr-/- Antp-/- Ubx -/-, and hthP2 clones. 
 
Regions that have dendritic defects, are indicated by light blue arrowheads.  
Axonal targeting defects are marked with red lines.  
 
In the coxa, hth mutant MN (Lin B) dendrites approach to the midline. In the 
femur, hth mutant MN clone (Lin B) dendrites cross the midline. In the tibia, Hox 


















   
effect on MN axonal targeting with the removal of entire one MN pool. If there is 
competition among leg MN lineages for muscle targets, then even if one MN 
lineage is removed, target muscles may still become innervated. To test this, we 
examined if Drosophila leg MNs from the same lineage or different lineages 
compensate for missing MNs in the Hox or hth mutant case. To do this, we 
labeled all MN axons by expressing Rab3-YFP, which is targeted to NMJs 
(Zhang et al., 2007) driven by Vglut-LexA. Rab3-YFP driven by Vglut-LexA not 
only labeled all MN synapses in the legs, the cell bodies and axons could also be 
visualized (Fig. 10). In parallel, MN lineage clones generated by the MARCM 
method were visualized by the expression of mCD8GFP driven by Vglut-Gal4 
(Fig. 10). The GFP signal could be readily separated from the YFP signal in the 
CNS, which allowed the recognition of individual MN clones in the CNS.  Axonal 
targeting from the Hox and hth mutant leg MN clones was compared to targeting 
of WT clones. As expected, for wild type clones, the YFP and GFP signals were 
coincident for labeled MNs in the legs. Legs innervated by mutant MN clones 
have many NMJs left unlabeled by YFP and GFP, similar to mutant clones only 
labeled by GFP (Fig. 7 and Fig. 10). From these observations, we conclude that 







   
 
 
Figure 3.10 No compensatory targeting for Hox and hth mutants leg MNs 
 
(A) Schematic diagram of labeling mutant MN clones and entire MNs with 
different colors. This system is based on the MARCM method (Lee and Luo, 
1999). By this method, MN clones are labeled with GFP and YFP, and entire 
MNs are labeled with YFP.  
 
(B and C) The leg that contains mutant MN clones is compared with that of the 
WT side from the same sample. Axonal targeting defective regions are indicated 
by red lines.  
Mutant Lin A (top) and Lin B (bottom) clones indicated by light blue arrow, are 
used for comparison. (B) Scr-/- Antp-/- Ubx -/-  (C) hthP2 
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We have shown that in Drosophila, nearly 50 leg motor neurons are 
generated from 11 NBs, and most of the leg motor neurons are born during larval 
stages (Baek and Mann, 2009). Several recently studies have investigated 
aspects of Drosophila leg motor neuron development, such as lineage dependent 
leg motor neuron generation, ecdysone pathway mediated leg motor neuron 
maturation, Notch dependent cell fate determination, and dendritic projection 
regulation by midline signaling pathways (Baek and Mann, 2009; Brown et al., 
2009; Truman et al., 2010; Brierley et al.m 2009). However, nearly nothing is 
known about how leg motor neurons are specified; how each leg motor neuron is 
born in a stereotypic birth order, how Lin A and Lin B MNs target different leg 
segments, or how leg motor neurons respond differently to midline signaling 
pathways such that specifically long tendon muscle MN dendrites cross the 
midline. By studying Hox genes and Hox cofactors, which are known as 
regulators of A-P axis segmental identity (McGinnis and Krumlauf, 1992), we 
show first, that Hox genes and hth are required for leg motor neuron survival 
during early developmental stages; second, that Hox and hth are also required 
for proper leg motor neuron specification in a subset of motor neurons, in terms 
of proper axonal and dendritic targeting in the leg and CNS, respectively; third, 
Hox genes and hth are differentially required in Lin B motor neurons; Hox genes 
are required for neuronal survival, whereas hth is required for proper axonal and 
dendritic targeting.  
 
3.4.1 Combinatorial Hox codes in Drosophila leg MNs 
   
 
Hox and Hox cofactors regulate A-P body axis formation in invertebrates 
and vertebrates (McGinnis and Krumlauf, 1992). In vertebrates, motor neuron 
cell bodies are grouped into functional units: columnar, divisional, and pool 
(Dasen and Jessell, 2003; Jessell, 2000). In the vertebrate spinal cord, 
combinatorial Hox codes specify inter-segmental and intra-segmental subtype 
MN identities (Dasen et al., 2005; Rousso et al., 2008; Dasen et al., 2003, Jung 
et al., 2010). Hox 6 paralogues, Hox 9 paralogues, Hox 10 paralogues are the 
key determinants for specifying Brachial, thoracic, and lumbar levels motor 
neuron identities, respectively (Dasen et al., 2003). In the caudal domain of 
brachial level LMC, interactions among Hox4, Hoxc6, 7, and 8, and Meis 1 
specify LMC motor neuron pools that target individual muscle (Dasen et al., 
2005). In addition, FoxP1 gradient codes also play a role: High levels specify the 
LMC, low levels specify the PGC, and the HMC forms in the absence of FoxP1 
expression (Dasen et al., 2008). 
In insects, it has been shown that there seems to be no functional cell 
body topographic map; in locusts, cell bodies of motor neurons that use the same 
nerve branches, are grouped together in the CNS without functional (Siegler and 
Pousman, 1990), and in Drosophila, leg motor neurons are grouped together in 
the CNS with no further functional cell body (Baek and Mann, 2009). Instead, 
Drosophila motor neurons have a dendritic topographic map in the CNS; motor 
neurons targeting similar muscle groups share dendritic territory in the CNS 
(Landgraf et al., 2003; Mauss et al., 2009; Baek and Mann, 2009) suggesting that 
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axonal target sites and dendritic morphologies are currently the best way to 
identity motor neurons in Drosophila. In this paper, we tried to see if Hox and Hox 
cofactors are associated with neuronal subtype identities by examining 
expression patterns and doing functional studies.  We examined the expression 
patterns of 8 Hox genes and two Hox cofactors.  We found that Antp, Ubx, pb, 
exd, and hth are expressed in Lin A and Lin B MNs in different modes during 
larval stages and pupal stages (summarized in Fig. 5). In addition to 
combinatorial expression, Hox and Hox cofactor expression levels vary between 
individual Lin A motor neurons. During larval stages, Antp is expressed highly in 
later born neurons and at low levels in early born neurons. During pupal stages, 
Antp and Ubx are expressed in Lin A motor neurons in the T2 and T3 segments, 
respectively, with variable expression levels between individual Lin A motor 
neurons. Hth expression levels also vary between Lin A motor neurons during 
larval and pupal stages.  Although further studies need to be done to identify the 
functional meaning of these variable expression levels, ectopic expression of 
Antp in Lin A cells produces axonal targeting defects and ectopic axonal 
targeting in the femur suggesting that expression levels are important for 
specifying the leg motor neuron identity (Supp. Fig. 10). We found that while Hox 
mutant Lin B clones show reduced cell number phenotypes in T1 and T2 
segments, hth mutant Lin B clones rarely show reduced cell number phenotypes, 
but do show ectopic dendrite midline crossing and axonal arborization defects 
(Supp. Fig. 8, Supp. Fig. 9, and data not shown). Unexpectedly, ectopic Antp 
expression in Lin B causes similar dendritic defects as hth mutant Lin B clones 
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suggesting that there are cross interactions between Antp and Hth (Supp. Fig. 9). 
At least in Lin B motor neurons, Antp and hth are differentially required for Lin B 
motor neuron development; Antp regulates motor neuron survival, hth is required 
for axonal and dendritic development. In Lin A, both Antp and hth are required for 
neuronal survival and correct axonal and dendritic targeting.  
During leg development, Antp regulates medial and distal parts of leg 
development by repressing hth, and Antp and hth regulate the proximal part of 
leg development (Casares and Mann, 2001). Considering that Lin B motor 
neurons target the proximal part of leg and Lin A motor neurons target the distal 
part of leg, it is possible that leg motor neuron development and leg development 
are coordinately regulated by Antp and hth. Similarly, coordinated expression of 
Hox genes by FGF in the spinal cord motor neurons and limb mesoderm seems 
to be important in regulating limb motor neuron specification (Dasen et al., 2003). 
 
3.4.2 Cell death of Hox and hth mutant leg motor neurons 
Leg motor neurons mutants for Hox genes or hth undergo cell death (Fig. 
6). Also in mice, removal of Hoxc-8 induces motor neuron death (Tiret et al., 
1998). During embryonic development, vertebrate skeletal muscle motor neurons 
undergo apoptosis, which seems to be dependent on trophic factors secreted 
from target muscles; motor neurons compete for trophic factors and only some of 
them win the competition (Landmesser and Pilar, 1978; Purves and Lichtman, 
1980). Drosophila leg motor neurons may need trophic factors from the leg 
imaginal disc for their survival. If leg motor neurons have defects in axonal 
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targeting into the leg imaginal disc, they cannot receive survival signals. 
However, the fact that blocking cell death by ectopic p35 expression rescues 
axonal targeting (Fig. 7) indicates that leg motor neurons without Hox and hth 
function can target leg imaginal disc. It is possible that Hox and hth are required 
to motor neurons for processing trophic signals from the leg imaginal disc, such 
as trophic factor receptors or downstream signaling pathways. In insects, leg 
motor neuron survival does not seem to require specific trophic factors from its 
correct target muscles; in grasshoppers and flesh flies, removal of target leg 
does not induce leg motor neuron cell death, instead it induces leg motor 
neurons to target other body part muscles (Nassel et al., 1986; Whitington et al., 
1982). 
Hox and hth may just prevent naturally occurring cell death genetically 
encoded in Lin A motor neurons. Drosophila embryonic stage pioneer neurons, 
MP1 and dMP2, die after functioning as pioneer neurons (except the ones in 
posterior segments of the VNC). Although it is not shown how the apoptosis 
program is initiated in MP1 and dMP2 in the VNC, Abd-B prevents MP1 and 
dMP2 cell death by blocking an apoptosis program mediated by reaper and grim 
(Miguel-Aliaga and Thor, 2004); without Abd-B, MP1 and dMP2 undergo 
apoptosis. Although Dfd directly regulates reaper expression by binding to reaper 
enhancer regions in the Drosophila embryo head (Lohmann et al., 2002), in the 
Drosophila CNS, Hox and hth function in apoptosis is cell context dependent 
(Suska et al., 2011; Karlsson et al., 2010; Bello et al, 2003; Maurange et al., 
2008; Cence and Gould, 2005). During development, Lin A motor neuron sibling 
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cells undergo cell death, which is Notch dependent (Truman et al, 2010). 
Blocking Notch activity in Lin A doubles neuronal cell number. Constitutively 
active Notch expression reduces Lin A cell number. It is possible that loss of Hox 
and hth function induces cell fate changes from normally surviving motor neurons 
to dying sibling cells. Hox and hth function in Lin A motor neurons may prevent 
death by blocking Notch activation. In Drosophila leg imaginal disc, removal of 
Antp and hth function reduces the expression of the Notch ligands, Delta (Dl) and 
Serrate (Ser) (Casares and Mann, 2001) indicating that Hox and hth regulate 
Notch pathway.  
Lin A motor neuron cell death induced by lack of Hox and hth happens in 
the early 3rd instar larval stages, by which time some of the leg motor neurons 
have already sent out axons to the leg nerve (Supp. Fig. 5) indicating that some 
temporally regulated events trigger Hox and hth mutant Lin A motor neuron cell 
death. Likewise, in Hoxc-8 mutant mice, motor neuron cell death happens quite 
some time after their birth (Tiret et al., 1998). Lin A NB disappears around the 
mid-3rd instar stage (Truman et al., 2004), which is coincident with Hox and hth 
mutant Lin A clone cell death. cas and svp are sequentially expressed in 
Drosophila larval stage NBs and regulate NB cell cycle exit in thoracic segments 
and NB cell death in abdominal segments (Maurange et al., 2008). In abdominal 
segments, abd-A is expressed around the time when abdominal NBs undergo 
apoptosis. When Cas is ectopically expressed in the abdominal segments, NB 
cell death is prevented suggesting temporal transition of transcription factors are 
important for NB cell death in the abdominal segments.   
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We have shown that Hox and hth are required for preventing leg motor 
neuronal cell death. By using powerful Drosophila genetic tools, we might be able 
to identify molecules involved in trophic factor mediated motor neuron survival, or 
factors involved in the temporal transition of cell fate in Drosophila CNS, which 




















   
3.5 Experimental Procedures 
 
3.5.1 Fly stocks 
Unless otherwise noted, fly stocks were obtained from the Bloomington Stock 
Center. 
yw hs-flp; ; FRT82B 
yw hs-flp; ; FRT82B tubG80 
ScrC1AntpNs+RC3UbxMX12 (Struhl, 1982) 
 
yw hs-flp; FRT 82B Antp NS=RC3 /  MKRS 
 





FRT82B hthP2/mkrs (Sun et al., 1995) 
yw hs-flp FRT19A 
w hs-flp FRT19A tubGal80 
UAS-Robo1 (on III), UAS-Robo2 (on II), UAS-Robo3 (on II) (Rajagopalan et al., 
2000) 
UAS-6myc-Antp  (from Barbara Noro) 
Vglut-Gal4 (also called OK371-Gal4) (Mahr and Aberle, 2006) 
UAS-CD8GFP (on II) 
UAS-p35 (on II) 
Vglut-lexA (from Cesar  Mendes) 
LexO-rab3YFP (from Cesar Mendes) 
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3.5.2 Immunohistochemistry 
Antibodies used were as follows:  
Rabbit anti-Exd (Mann and Abu-Shaar, 1996), guinea pig anti-Hth(GP52) (Ryoo 
and Mann, 1999), rat anti-Abd-A(Karch et al., 1990), mouse anti-Abd-B (1:5; 
Hybridoma Bank), mouse anti-Ubx (1:20; Hybridoma Bank), guinea pig anti-Scr 
(CLU395, 1:500; Joshi et al., 2010), rabbit anti-Pb (e9, 1:100; Cribbs et al., 
1992), guinea pig anti-Dfd (1:200; kind gift fromW. Mcginnis, University of 
California at San Diego), mouse anti-Antp (8C11; Hybridoma Bank), guinea pig 
anti-Lab (1:50000; kind gift from Benjamin Olstein, Columbia University at New 
York), guinea pig anti-Deadpan (1:1000, kind gift from J.Skeath, U. of 
Washington at St.Louis), mouse anti-prospero (Hybridoma Bank), mouse anti-d-
CSP2 (1:200; Hybridoma Bank), guinea pig anti-Dll (Estella et al., 2008), rat anti-
Elav (1:50; Hybridoma Bank), mouse anti-Repo (Hybridoma Bank), rabbit anti-
myc (Molecular Probes), secondary antibodies: AlexaFluor488, AlexaFluor555, 
and AlexaFluor647 conjugates (Molecular Probes) 
 
CNS dissections and immunostainings were followed standard procedures. 
Samples were incubated with primary antibodies for two days at 4 °C, washed 
four times, 15 min in each time with PBST (supplemented with 0.5% BSA and 
5% goat serum) at room temperature, incubated with secondary antibodies for 
one day in a 4°C room, and washed four times with PBST (supplemented with 
0.5% BSA and 5% goat serum) at room temperature. For larval stage CNS 
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immunostainings, stained samples were washed one more time with 1XPBS and 
were attached to lysine-coated cover glasses. Vectashield mounting medium 
(from Vecta lab.) was used for mounting samples.  
Adult legs attached to bodies were fixed overnight in a 4°C room before 
mounting.  
 
3.5.3 MARCM analysis 
In order to generate and label loss-of-function MARCM clones, we used the 
following genotypes: 
yw hs-flp; Vglut-Gal4 UAS-CD8GFP; FRT82B /FRT82B tubGal80, yw hs-flp/yw 
hs-flp tub-Gal4 UAS-GFP; Vglut-Gal4 UAS-CD8GFP/+; FRT82B/FRT82B 
tubGal80, same genotype flies instead of FRT82B, each one of the alleles was 
included; FRT82B ScrC1AntpNs+RC3UbxMX12, FRT82B Antp NS=RC3, FRT82B Ubx1, 
FRT82B hthP2,FRT82B Scr4. 
 
In order to ectopically express genes in MARCM clones, we used following 
genotypes: 
yw hs-flp/yw hs-flp tub-Gal4 UAS-GFP; Vglut-Gal4 UAS-CD8GFP/UAS-p35; 
FRT82B/FRT82B tubGal80, same genotype flies instead of FRT82B, each one of 
the alleles was included; FRT82B ScrC1AntpNs+RC3UbxMX12, FRT82B hthP2. 
yw hs-flp; Vglut-Gal4 UAS-CD8GFP/+; FRT82B tubGal80/FRT82B UAS-Robo, 
yw hs-flp; UAS-Robo2/(Cyo or if; male flies)/ Vglut-Gal4 UAS-CD8GFP; FRT82B 
tubGal80/FRT82B, yw hs-flp; UAS-Robo3/(Cyo or if; male flies)/ Vglut-Gal4 UAS-
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CD8GFP; FRT82B tubGal80/FRT82B, same genotype flies instead of FRT82B, 
hthP2 allele was included), yw hs-flp FRT19A/w hs-flp FRT19A tubGal80; +/Vglut-
Gal4 UASCD8GFP; +/UAS-6mycAntp. 
 
In order to examine compensatory axonal targeting, we used following 
genotypes:  
yw hs-flp; Vglut-Gal4 UAS-CD8GFP/Vglut-LexA LexO-rab3YFP; FRT82B 
tubGal80/FRT82B, same genotype flies instead of FRT82B, each one of the 
alleles was included; FRT82B ScrC1AntpNs+RC3UbxMX12, FRT82B hthP2. 
 
In order to induce MARCM clones, heat shocks were given for 60 min at 37°C for 
FRT19A genotype flies, and for 20 min at 35°C or for 30 min at 37°C for FRT82B 
genotype flies. Embryos were collected on apple plates for 12 hrs and incubated 
for a day at 25°C before giving a heat shock.  
 
3.5.4 Microscopy and image analysis 
Confocal images were taken as described in the paper (Baek and Mann, 2009). 
In order to compare expression levels, same confocal settings were applied to 
each Hox and Hox cofactor immunostainings. All Z-stack merged images were 
generated using Image J. In order to generate axonal spatial distribution graphs, 
first, z-stack merged images were generated, background was removed, image 
contrast was increased, and leg sizes were adjusted to the same using Image J. 
Plot Profile function was used to generate Plot values using Image J. Plot values 
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were used to make distribution graphs using Prism 4. In order to visualize leg 
motor neuron clones in the larval CNS, if necessary, non-leg motor neuron 




































Supplementary Figure 3.1 Expression patterns of Hth and Exd in Lin A MNs 
during late larval and mid-pupal stages.  
 
Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP (green). Magnified 
areas are indicated by yellow arrows on images and are marked with red boxes 
on CNS diagrams (left). 1-5 represent individual Z-stack slices from the ventral to 
dorsal side of the CNS.   
 
(Top) Hth (red) and Exd (blue) expression in Lin A clone during late larval stages. 
 
(Bottom) Hth (red) and Exd (blue) expression in Lin A clone mid-pupal stages.  
 





































Supplementary Figure 3.2 Expression patterns of Hox and Hox cofactors in 
Lin B MNs during late larval stages.  
 
Lin B clones were labeled with Vglut-Gal4>UAS-CD8GFP (green). Magnified 
areas are indicated by yellow arrows on images and are marked with red boxes 
on CNS diagrams (left). 1-5 represent individual Z-stack slices from the ventral to 
dorsal side of the CNS.   
Each Lin B cell (total of 7 cells) is indicated by light blue arrows.  
 
From top to bottom: Antp (red) in the T2 segment, Antp (red) in the T3 segment, 
Ubx (red) and Scr (blue) in the T3 segment, Pb in T2 segment, and Hth (red) and 
Exd (blue) in the T1 segment.   
 
Antp is expressed in all Lin B cells in all three segments. Ubx and Scr are not 
expressed in Lin B cells. Pb is expressed in 3 Lin B cells in all three segments. 


































Supplementary Figure 3.3 Expression patterns of Hox and Hox cofactors in 
Lin B MNs during mid pupal stages.  
 
Lin B clones were labeled with Vglut-Gal4>UAS-CD8GFP (green). Magnified 
areas are indicated by yellow arrows on images and are marked with red boxes 
on CNS diagrams (left). 1-5 represent individual Z-stack slices from the ventral to 
dorsal side of the CNS.   
Each Lin B cell (total of 7 cells) is indicated by light blue arrows.  
 
From top to bottom: Antp (red) in the T1 segment, Antp (red) in the T2 segment, 
Ubx (red) and Scr (blue) in the T3 segment, Pb in T2 segment, and Hth (red) and 
Exd (blue) in the T2 segment.   
 
Antp is expressed in all Lin B cells in the T2 segment. Ubx is expressed in all Lin 
B cells in the T3 segment. Pb is expressed in 3 Lin B cells in all three segments. 


































Supplementary Figure 3.4 Expression patterns of Hox and Hox cofactors in 
Lin A glia cells.  
 
Lin A clones were labeled with tub-Gal4/Vglut-Gal4>UAS-CD8GFP (green). 
Magnified areas are indicated by yellow arrows on images and are marked with 
red boxes on CNS diagrams (left). 1-5 represent individual Z-stack slices from 
the ventral to dorsal side of the CNS.  Glial cells in Lin A clones are outlined in 
light blue dotted lines.  
 
From top to bottom: Hth (red) and Exd (blue) in the T3 segment, Antp (red) in the 
T3 segment, and Ubx (red) and Scr (blue) in the T3 segment.  
 
(Middle) In insets, Antp only expression in glial cells (indicated by pink arrow 
heads) are shown. Antp is expressed at very low levels in glial cells.  
 


































Supplementary Figure 3.5 Lin A NBs in Hox and hth mutant clones during 
early 3rd instar stages. 
 
Lin A clones were labeled with Tub-Gal4/Vglut-Gal4>UAS-CD8GFP (green). The 
magnified areas are indicated by yellow arrows on images and are marked with 
red boxes on CNS diagrams. Lin A clones are outlined in light blue dotted lines. 
Lin A NBs are indicated by light blue arrowheads. Lin A clones are outlined with 
light blue dotted lines. In order to visualize Lin A axons clearly, non-Lin A clones 
were removed using Image J (left).  
 
(A) WT Lin A clone in the T2 segment. 
 
(B) Antp-/- Lin A cone in the T2 segment.  
 
(C) Scr-/-Antp-/-Ubx-/- Lin A clone in the T2 segment.  
 
(D) hthP2 Lin A clone in the T2 segment. 
Lin A NBs from all genotypes were associated with Lin A clones during early 3rd 
instar stages (10-20hr). 
 
(E) Quantification of neuronal cell numbers in Lin A clones.  
Neurons (Elav +) in Lin A clones (shown in A-D) were counted.  



























Supplementary Figure 3.6 Spatial distribution of Hox and hth mutant leg 
MN axonal targeting.  
 
(A-B) Lin A clones were labeled with tub-Gal4/Vglut-Gal4>UAS-CD8GFP.  
 
(A) Axonal distribution is measured using merged Z-stack images of legs.  
Background signals were removed and contrasts were increased using Image J.  
Femur and tibia sizes from all samples in the same segment are adjusted equal. 
In order to measure mean intensity in every pixel distance from the proximal (P) 
to distal (D) leg segment, Plot Profile function was used to generate plot values 
using Image J.  
Plot values were used to generate distribution graphs using Prism 4. 
 
(B) Each Lin A clones is color coded. 
Clones in T2 segments were measured. 


































Supplementary Figure 3.7 Axonal targeting and dendritic branching 
patterns are not correlated.  
 
Axons of single cell leg MN clones were labeled with Vglut-Gal4>UAS-CD8GFP. 
In order to visualize MN dendrite clearly, non-leg MN dendrites were removed. 
Leg neuropils are outlined in blue dotted lines. CNS midlines are indicated by red 
dotted lines. Axonal target sites are indicated by light blue arrows, and dendritic 
defects are indicated by pink arrows.  
 
Only in 2/126 cases, axonal and dendritic pattern mismatches were identified. 
 
(A) WT (left) Lin A MNs targeting proximal (top) and distal femur (bottom) of T2 
legs have different dendritic branching patterns. 
Scr-/-Antp-/-Ubx-/ (right) Lin A MNs targeting proximal (top) and distal femur 
(bottom) have similar dendritic branching patterns. Mutant Lin A MN targeting the 
distal femur has dendritic branching patterns similar to WT Lin A MN targeting 
proximal femur but different from WT Lin A MN targeting distal femur. 
 
 
(B) WT (left) Lin A MNs targeting distal (top) and proximal femur (bottom) of T3 
legs have different dendritic branching patterns. 
hthP2 (right) Lin A MNs targeting distal coxa and proximal femur (top) and 
proximal femur (bottom) have similar dendritic branching patterns. In both cases, 
dendrites show midline crossing defects. WT MNs targeting both coxa and femur 
were never observed. 
Mutant Lin A MN targeting the proximal and distal femur has dendritic branching 
patterns similar to WT Lin A MN targeting proximal femur but different from WT 





















Supplementary Figure 3.8 Cell number phenotypes of Hox and hth mutants 
Lin B MNs. 
 
Lin B clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
Cell numbers in Lin B clones were counted at the adult stages. 
* represents cell number in the T3 segment. 
Scr-/-Antp-/-Ubx-/- Lin B clones showed cell number reduction in T1 and T2 
segments but not in the T3 segment. 
hthP2 Lin B clone had similar cell number as WT Lin B clones. 
Antp-/- Lin B clones showed cell number reduction in T1 and T2 segments but 
not in the T3 segments.  







































Supplementary Figure 3.9 hth mutant and ectopic Antp expression 
phenotypes in Lin B MNs. 
 
Lin B clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
Ectopic Antp expression was driven by Vglut-Gal4. Magnified regions are marked 
with a red box on the CNS diagram. 
 
Leg neuropils are outlined in blue dotted lines. CNS midlines are indicated by red 
dotted lines. Dendrites crossing the midline and segmental boundary, are 
indicated by light blue arrowheads.  
 
From left to right: WT, hthP2, Atnp expressing Lin B clones. 
 
Both hthP2 and Antp expressing Lin B clones showed dendrites crossing the 



































Supplementary Figure 3.10 Ectopic Antp expression phenotypes in Lin A 
MNs  
 
(A and B) Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
Ectopic Antp expression was driven by Vglut-Gal4. 
Magnified areas are indicated by yellow arrows on images and are marked with 
red boxes on CNS diagrams (left).  
 
(A) Leg neuropils are outlined in blue dotted lines. CNS midlines are indicated by 
red dotted lines. Dendrites crossing the midline, are indicated by light blue 
arrowheads.  
WT Lin A MNs in T2 (top left) and T3 (top right) segments target proximal and 
distal femur and have dendrites crossing the midline.  
Antp expresing Lin A MNs in T2 (bottom left) and T3 (bottom right) segments 
axonal targeting defects (indicated by red lines) and ectopic axonal targeting 
(indicated by pink lines). Dendrites from Antp expressing Lin B MNs were 
defasculated and have midline crossing defects.  * Axonal branches were not 
clearly visualized because of high cuticle background. 
 
(B) Ubx (red) and Myc (blue) expression pattern in Antp expressing Lin A clones.  
Myc tagged Antp is expressed in Lin A clones. Ectopic Antp is detected at high 
levels in Lin A clones in T1 and T3 segments (data not shown). 1-3 represent 
individual Z-stack slices from the ventral to dorsal side of the CNS.  Individual cell 
bodies are indicated by light blue arrow heads.  
Ubx and Myc are co-expressed in Lin A clones suggesting ectopic Antp 
























Supplementary Figure 3.11 Ectopic Robo expression suppresses hth 
mutant ectopic midline crossing dendritic phenotypes.  
 
Lin B clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
Ectopic Robo1, 2 and 3 expressions were driven by Vglut-Gal4. 
Magnified areas are marked with red boxes on CNS diagrams. 
 
From top to bottom: GFP only, Robo, Robo 2 ,and Robo 3 expressing Lin B 
clones. 
 
Ectopic Robo 1, 2, and 3 expressions in WT Lin B clones (left) induced axonal 
targeting defects in trochanter (indicated by yellow arrowheads). In Robo 
expressing WT Lin B clones, dendrites are repulsed from the lateral side of the 
leg neuropil (indicated by blue arrowheads) 
 
hthP2 Lin B clone (right) had dendrites crossing the midline and segmental 
boundary (indicated by light blue arrowheads). In Robo expressing hthP2 Lin B 
clones, the midline crossing dendritic phenotype was suppressed (indicated by a 
pink arrowhead) and dendrites were repulsed from the lateral side of the leg 
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Drosophila is a holometabolous insect, which has very different 
morphologies and behaviors between larval and adult stages. During 
metamorphosis most of the larval tissues including motor neurons undergo 
histolysis. There are some exceptions, such as some adult Drosophila wing 
motor neurons are born during embryonic stages and function as larval motor 
neurons (Consoulas et al., 2002). Unlike this type of motor neuron that prunes 
axons and dendrites during pupal stages, and makes new targets, most adult 
Drosophila leg motor neurons are born de novo during larval stages. Around 50 
leg motor neurons are born from 11 neuroblasts. Although I could not examine all 
50 motor neurons in all three thoracic segments, there seems to be no obvious 
segmental difference in the numbers and target sites of MNs from at least Lin A 
and Lin B. Each motor neuron that has stereotyped axonal and dendritic 
projections is born in a stereotyped birth order in a specific lineage. During the 
larval stage, leg motor neurons send out axons into the leg imaginal disc.  
In this chapter, I discuss issues related to segmental and temporal 
regulation of leg MN identities and initial axonal targeting into the leg imaginal 
disc.   
 




In the limbed vertebrate systems, some animals such as kangaroos, hop 
using a pair of hind legs and some animals such as tigers, walk using fore and 
hind limbs in a coordinated manner. Although there are differences in complexity, 
insects show a similar type of locomotion to that of vertebrates; locusts jump 
using a pair of T3 legs, and adult Drosophila walk using three pairs of legs in a 
coordinated manner. These observations suggest that similar underlying 
mechanisms might be used in both vertebrates and invertebrates showing similar 
types of locomotion. It has not been well established how animals coordinately 
move legs located in different segments; how do kangaroos and locusts use hind 
legs for jumping, and what is the difference in limb motor neurons regulating fore-
limb and hind-limb movements? In my model organism, adult Drosophila walk 
using all three segmental legs, yet each pair of legs is also used for specific 
functions; T1 and T3 legs are used for grooming the proboscis and abdomen, 
respectively, while T2 legs are used for jumping and flight takeoff. Despite these 
differences, the number of leg muscles is largely similar among all three 
segmental legs (Soler et al., 2004). In my study, I showed that for at least two 
major lineages, there is no severe difference among different segmental motor 
neurons in cell number and target sites. How do these similar leg motor neurons 
regulate segmentally different leg movements? Wilson showed that there is some 
difference in cell body positions and muscle innervation patterns among leg 
motor neurons targeting T1, T2, and T3 legs (Wilson, 1979a). The connectivity in 
the CNS between leg motor neurons targeting three different segmental legs, is 
also different; T3 flexor motor neurons inhibit extensor motor neurons using 
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interneurons for jumping (Wilson, 1979b). In considering that in Drosophila, Hox 
genes regulate segmental leg identities, Hox genes might also regulate motor 
neuron segmental identities as in vertebrates (Dasen et al., 2005; 2008; 2003). 
Although I could not detect any morphological differences, it is possible that leg 
motor neurons in different segments are receiving different inputs from sensory 
neurons and interneurons in the CNS. However, it is not clear if Hox function in 
motor neurons is sufficient to generate segmental differences or Hox function in 
other cells might also be important for generating segmental specific leg motor 
neuron circuits. In my study, I did not check if segmental identity changes of 
individual motor neurons affect on their connectivity in the CNS. It is possible that 
Ubx mutant T3 legs motor neurons may have normal axonal targeting in T3 legs, 
but their synaptic formation in the CNS might be defective or transformed into a 
T2-like identity by de-repression of Antp; this might affect flies motor behavior, 
which is relatively easily demonstrable.  
 
4.3 Leg MN temporal identities 
 
4.3.1 Temporal identity regulators 
Each leg motor neuron is born is a stereotypic birth order and from a 
specific lineage. Each Drosophila olfactory projection neuron is also specified in 
a birth order and lineage dependent manner (Jefferis et al., 2001). Temporally 
regulated neuronal identities can be generated cell autonomously or cell non-
autonomously. During Drosophila embryogenesis, Hb, Kr, Pdm, and Cas proteins 
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are sequentially expressed in neuroblasts and regulate progeny identity (Skeath 
et al., 1995). Although, no such sequential expression of those four transcription 
factors is identified in larval stage neuroblasts, Cas and Svp are sequentially 
expressed in larval stage neuroblasts (Maurange et al., 2008). Two BTB-zinc 
finger proteins, Chimo and Broad Complex (Br-C), are expressed in early-born 
and later-born neurons, respectively. Cas and Svp regulate the transition from 
Chinmo to Br-C expression in neurons. Although Chinmo and Br-C are not 
required for generating temporal neuronal identities in the larval VNC (Maurange 
et al., 2008), Chinmo regulates temporal identities of mushroom body neurons 
and projection neurons (Zhu et al., 2006).  It is possible that early born leg motor 
neuron identity is regulated by Chinmo and later born motor neuron identity is 
regulated by Br-C. In Lin A, there is target site bias between early born MNs and 
later born MNs; early born MNs target proximal parts of each leg segments and 
later born MNs target distal parts of each leg segments. I found that Antp is 
expressed at high levels in later born motor neurons and at low levels in early 
born motor neurons. In order to examine the possibility of Antp as a temporal 
identity regulator, I ectopically overexpressed Antp in Lin A MNs using a motor 
neuron Gal4 driver. Although axonal and dendritic defects occur in some of Lin A 
MNs, no temporal identity shift was observed. However, if temporal identity is 
specified at NB stage or right after motor neuron birth, ectopic Antp expression at 
later stages might be too late to change the temporal identity.  
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The contribution of Chinmo and Br-C genes in leg motor neuron temporal 
identity regulation might be simply evaluated by expressing Chinmo or Br-C in 
Lin A and examining axonal target site bias.  
In addition, temporal identity might be also regulated cell non-
autonomously. In the vertebrate spinal cord, LMCm motor neurons are born first, 
secrete RA, and affect the LMCl motor neuronal identity (Sockanathan and 
Jessell, 1998). It is possible that Drosophila leg motor neuron NBs produce 
generic motor neurons and signals from early born motor neurons regulate later 
born neuronal identities. 
 
4.3.2 Neurogenesis and gliogenesis 
In addition to generating leg motor neurons, the Lin A NB produces glia. 
How does the Lin A NB produce motor neurons and glia? When does the Lin A 
NB produce glia cells? Is each glia cell born from the Lin A NB, or are glia cell 
progenitors born from the Lin A NB?   
In the vertebrate spinal cord, neuronal progenitors produce not only 
neurons but also glial cells. p2 progenitors produce V2 interneurons and 
astrocyctes, and pMN progenitors produce motor neurons and oligodendrocytes 
(Zhou and Anderson, 2002). Each progenitor produces neurons at the early 
stage and produces glial cells at the later stage. p2 and pMN progenitors express 
different bHLH transcription factors: stem cell leukaemia (Scl) and Olig2, 
respectively (Muroyama et al., 2005; Zhou and Anderson, 2002). Sox9, a HMG-
domain transcription factor, is required for both p1 and pMN progenitors when 
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they switch progeny cell types from neurons to glia (Stolt et al., 2003). In 
Drosophila embryos, Dichaete, a Sox domain protein, is required for the midline 
glial cell differentiation (Soriano and Russell, 1998). Transient expression of 
Coup TFI/II, Orphan nuclear receptors and homologs of Drosophila svp, is 
required for transition from neurogenesis to gliogenesis in in vitro culture(Naka et 
al., 2008).  
In Drosophila embryos, thoracic NB 6-4 produces neurons and glia. At the 
first cell division, NB 6-4 produces a neuronal progenitor cell and a glial precursor 
cell. Only in the neuronal progenitor cell, Cyclin E is expressed and inhibits the 
expression of prospero and gcm that are involved in glia genesis(Berger et al., 
2005).  
In Drosophila embryonic NB-1-1A, ganglionic mother cells (GMCs), 
intermediate progenitor cells, divide one more time and produce neurons and 
glia. This asymmetric progeny generation is Notch pathway dependent; GMCs 
produce neurons without Notch (Udolph et al., 2001). Recently, Jim Truman and 
Darren Williams showed that removing Notch function increases the number of 
Lin A motor neurons (Truman et al., 2010). They argued that the cell number 
increase is caused by blocking naturally dying sibling cells, which is Notch 
dependent. However, they only examined the neuronal population of Lin A. It is 
possible that there might be cell fate changes from glia cells to neuronal cells in 
Notch mutant Lin A clones. In supporting this argument, in Notch mutants, Lin A 
progeny increases by around 28 (Truman et al., 2010). However, we found that 
blocking cell death by the ectopic expression of p35 also increases Lin A 
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neuronal number by around 10. The number difference (28 vs. 10) could be 
explained by the cell fate change from glial cells to neurons; Lin A NB produces 
around 20 glial cells.  
Before doing any genetic studies, it is required to check when and how 
glia cells are generated. For example, is a glioblast generated from the Lin A NB, 
or do GMCs from the Lin A NB produce glial cells by asymmetric cell divisions? 
 
4.3.3 Hox genes and Hox cofactors, and leg MN temporal identities 
In Hox and hth mutants, leg MNs show not only cell death phenotype but 
also axonal targeting defects (Fig. 3.6 and Fig. 3.7). If Hox and hth mutants 
regulate temporal identities, then there should be specific regions always 
defective because there is a correlation between leg MN target sites and a birth 
order. When Hox and hth function is removed in leg MN, axonal targeting 
defective regions are randomly distributed (Fig. 3.7 and Supp. Fig. 3.6), which 
can be explained by at least two mechanisms. First, leg motor neurons lose 
temporal identities, and the surviving cells choose targets randomly or cell-cell 
interactions among the survivors generate new temporal identities. Second, cell 
death happens randomly among Lin A motor neurons in the absence of Hox or 
hth.  
There are several examples that implicate Hox genes in temporal identity 
regulation. In vertebrate hindbrains, Hox1b is required for progenitors to keep 
producing viceral MNs instead of serotonergic neurons in hindbrain rhombomere 
4 (r4); in hindbrain r2-r4, progenitors that normally do not express Hox1b, make 
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transition from viceral MN generation to serotonergic neuron generation (Pattyn 
et al., 2003). In the Drosophila embryonic Ap neuronal lineage, Antp and hth 
expression is turned on at later embryonic stages and work together with 
temporal identity regulators, cas and grh, to specify late stage progeny identity of 
Ap neuronal lineage (Karlsson et al., 2010).  
In order to show the role of Hox and Hox-cofactors on the temporal 
identity regulation, it might be informative to check if early born and later born 
neuronal markers, such as Chinmo and Br-C, expression pattern changes in Hox 
and hth mutants. If the temporal identity factor expression pattern changes, then 
that argues Hox and hth are involved in leg MN temporal identity specification. It 
is also is possible that actually there is no absolute temporal identity among leg 
MNs; interactions among leg MNs might regulate leg motor neuron identity.  
 
4.3.4 Temporal regulation of Hox gene expression 
During larval stages, Antp is highly expressed in later born Lin A MNs and 
at a lower level in early born Lin A MNs in all three segments (Fig. 3.3). During 
pupal stages, Antp expression pattern changes; Antp is highly expressed only in 
the T2 segment during pupal stages (Fig. 3.4). Ubx is weakly expressed in 
several T3 Lin A leg motor neurons at larval stages, and expressed in all T3 Lin 
A leg motor neurons at pupal stages (Fig. 3.3 and Fig. 3.4).  
One of the strong candidates for regulating the Hox expression pattern 
change during pupal stages, is the ecdysone pathway. The ecdysone pathway is 
involved in massive larval tissue histolysis and morphogenesis of adult stage 
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tissues during the pupal stage. When the dominant negative form of the 
ecdysone receptor (EdR-DN) is expressed in two major leg motor neuron 
lineages, Lin A and Lin B, leg motor neurons show axonal and dendritic targeting 
defects (Brown and Truman, 2009). There is an example of Hox expression 
regulation by the ecdysone pathway. During Drosophila heart development, Ubx 
and abd-A are expressed in anterior and posterior cardiac tube segments, 
respectively (Monier et al., 2005). During the pupal stage, Ubx expression is 
repressed in Tin-expressing myocytes; this Ubx repression is mediated by the 
ecdysone pathway. When the ecdysone pathway is blocked by expression of 
EdR-DN, Ubx is de-repressed. It might be possible that Antp expression in leg 
motor neurons is regulated by the ecdysone pathway at the pupal stage; Antp is 
repressed in leg motor neurons in T1 and T3 segments by the ecdysone 
pathway. It is not even clear if the ecdysone pathway directly suppresses Antp 
expression. When Ubx is removed in leg motor neurons in the T3 segment, Antp 
is de-repressed in leg motor neurons in the T3 segment suggesting that Antp 
expression is suppressed by Ubx in the T3 segment. The ecdysone pathway may 
suppress Antp expression in the T3 segment by inducing Ubx expression.  
 
4.4 Leg MN axonal targeting 
  
4.4.1 Axonal topographic map in the imaginal disc 
Once leg motor neurons are born, they send out neurites to the leg 
imaginal disc. Leg imaginal discs are associated with the CNS through the nerve 
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stalk and with cuticles through the hypodermal stalk that terminates on the 
keilin's organ and trachea processes (Tix and Bate, 1989; Lakes-Harlan et al., 
1991; Harlan and Pollack, 1991).  Axons from sensory neurons of the keilin's 
organ and the leg imaginal discs, and axons from two motor neurons are 
projected to the leg nerve that runs through from the CNS to the keilin's organ. At 
the late larval stage, leg motor neurons send out axons to the leg imaginal disc 
using the leg nerve. Although all of the leg motor axons seem to target leg 
imaginal discs in a non-topographic manner, it might be easier for motor neurons 
to develop coordinately with muscle development if they preselect target areas at 
the early stage.  Is there any axonal pre-targeting to their target segment before 
muscles are formed? The center of the leg imaginal disc becomes the distal leg 
segments and the regions of the imaginal disc near to stalks become proximal 
leg segments. Leg motor neuron axonal bundles are thick in the center of the leg 
imaginal disc and become thinner and terminate near the hypodermal stalk. 
Although it might be caused by different developmental speed between early 
born leg motor neurons and later born leg motor neurons, it also be possible that 
leg motor neuron axons that target distal leg segments, stay in the center of the 
leg imaginal disc, and motor neuron axons that target the proximal leg segments 
stay near to the nerve stalk or the hypodermal stalk. During larval stages, leg 
myoblasts seem to be distributed into segmental subdivisions of the leg imaginal 
disc (Soler et al., 2004) suggesting that there are signals from subdivisions of leg 
imaginal discs.  
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Before an axonal topographic map forms, if ever forms, leg motor neuron 
axons need to target leg imaginal discs. How do leg motor neurons target leg 
imaginal discs initially? Is there any guidance signal from the leg imaginal disc? 
In order to assess the role of leg imaginal discs on leg motor neuron axonal 
targeting, a prepupal leg imaginal disc was removed surgically in flesh-flies 
(Nässel et al., 1986). Leg motor neurons still survive without their target legs. Leg 
motor neurons without the correct target leg change their axonal trajectories to 
other legs or wings on the ipsilateral side. In grasshoppers, leg motor neurons 
remain intact without their target muscles (Goodman, 1981; Whitington et al., 
1982). It is still possible that axonal guidance signals are generated from legs. 
Leg motor neurons might choose their correct leg by the balance between 
attractive and repulsive signals from the correct target leg.  
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Appendix A.  





Transcription factors (TFs) regulating motor neuron identities have been 
identified in both vertebrate and invertebrate systems. In particular, the TF code 
for vertebrate spinal code motor neuron development have been well 
characterized (Dasen and Jessell, 2009). Some of these transcription factors are 
conserved among model organisms and regulate their motor neuron identities 
(Thor and Thomas, 2002). Despite its sequence conservation amongst species, 
the different types of locomotion used in C.elegans and Drosophila larvae 
preclude a deeper functional comparison amongst TFs  
Adult Drosophila walk by a coordinated movement of multi-jointed legs 
controlled by leg motor neurons, similar to limbed vertebrates. By identifying the 
expression patterns of conserved transcription factors in adult Drosophila leg 
motor neurons, we will be able to more directly compare the roles of conserved 
TFs in both vertebrate limb motor neurons and Drosophila leg motor neurons. 
With this aim in mind and taking advantage of a large collection of antibodies, I 
examined the expression patterns of transcription factors expressed in 
progenitors or postmitotic motor neurons in either vertebrate or invertebrate 
systems, in the two major leg motor neuron lineages, Lin A and Lin B (Fig. 1). I 
found Drosophila Lin A motor neurons express genes that are involved in 
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vertebrate limb motor neuron specification, such as Islet, Lim3, and Runt 
(summarized in Fig.2) suggesting that these genes expression patterns are 
conserved between vertebrate limb motor neurons and Drosophila leg motor 
neurons. One important candidate, Foxp1 regulates spinal cord motor neuron 
identities (Dasen et al., 2008). The lack of antibody against the Drosophila 
homolog of Foxp1 has prevented the examination of its expression pattern. In 
order to overcome this problem, I cloned the enhancer region of CG16899, the 
Drosophila homolog of vertebrate Foxp1. CG16899 enhancer is expressed in at 
















Materials and Methods 
Fly stocks 
Unless otherwise noted, fly stocks were obtained from the Bloomington Stock 
Center. 
yw hs-flp; ; FRT82B 
yw hs-flp; ; FRT82B tubGal80 
Vglut-Gal4 (also called OK371-Gal4) (Mahr and Aberle, 2006) 
UAS-CD8GFP (on II) 
 
Immunohistochemistry 
Antibodies used were as follows:  
rabbit anti-Castor (1:2000, generous gift from Ward Odenwald), mouse anti-Ac 
(1:2, Hybridoma Bank), rabbit anti-Chinmo (Zhu et al., 2006)), rat anti-Dfr 
(Garces and Thor, 2006)), mouse anti-Eg (1:250, generous gift from Chris Doe), 
mouse anti-En (Hybridoma Bank), mouse anti-Ey (Clements et al., 2008)), 
mouse anti-Eve (Hybridoma Bank), rabbit and rat anti-Grn (Garces and Thor, 
2006), mouse anti-Grh (1:3, generous gift from Sarah Bray), mouse anti-Hb 
(1:200, generous gift from Chris Doe), rat anti-Hkb (1:200, generous gift from 
Chris Doe), mouse anti-Islet (concentrated version1:50, Hybridoma Bank), 
guinea pig anti-Lim3 (generous gift from Jim Skeath), rabbut anti-Jumu 
(1:800,(Strödicke et al., 2000)), rabbit anti-Kr (1:500,(Gaul et al., 1987)), mouse 
anti-Lbe (Maqbool et al., 2006)), rabbit anti-Msh (1:500, generous gift from Chris 
Doe), rabbit anti-Hb9 (Broihier and Skeath, 2002), guinea pig anti-Lim1(Lilly et 
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al., 1999)(Lilly et al., 1999), rabbit anti-Nvy (1:300, lab stock), mouse anti-Nub  
(1:20), rabbit anti-Run (Dormand and Brand, 1998)), rabbit anti-Svp (Ryan et al., 
2005)), mouse anti-Pros (Hybridoma Bank), guinea pig anti-Toy (1:400), mouse 
anti-Eya (1:500, Hybridoma Bank), guinea pig anti-Zfh1 (1:500, generous gift 
from Jim Skeath). 
  
CNS dissections and immunostainings were followed standard procedures. 
Samples were incubated with primary antibodies for two days at 4 °C, washed 
four times, 15min in each time with PBST (supplemented with 0.5% BSA and 5% 
goat serum) at room temperature, incubated with secondary antibodies for one 
day in a 4°C room, and washed four times with PBST (supplemented with 0.5% 
BSA and 5% goat serum) at room temperature. For larval stage CNS 
immunostainings, stained samples were washed one more time with 1XPBS and 
were attached to lysine-coated cover glasses. Vectashield mounting medium was 
used for mounting samples.  
 
Leg MN MARCM clone generation.  
In order to generate leg MN clones, we used the following genotype: 
yw hs-flp; Vglut-Gal4 UAS-CD8GFP; FRT82B /FRT82B tubGal80 
 
MARCM clones were induced by giving heat shocks for 30 min at 37°C. Embryos 
were collected for 12 hrs and incubated for a day at 25°C before giving heat 
shocks.  
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 CG16899 enhancer cloning 
The CG16899 enhancer region was cloned into pBPGW-Gal4 vector (from 
Gerald Rubin) using Gateway system (Invitrogen).  
Primer sequences for cloning CG16899 enhancer region were: 
CG16899-F: CAC CAG AAA ACG TTG TCA ACA AAT GAT 
CG16899-R: GTT TTT AAA ACT GAA ATT TAT AAT CAT 
 
Microscopy and image analysis 
















Appendix A. Figure 1. Candidate gene expression patterns in Lin A and Lin 
B MNs. 
 
All Lin A clones were labeled with Vglut-Gal4>UAS-CD8GFP.  
1-5 represents individual Z-stack slices.  





























Appendix A. Figure 2. Summary of candidate gene expression patterns in 
Lin A and Lin B. 
 
Individual gene expression patterns are indicated with red colors (dark red for 
high levels of expression and light red color for low levels of expression). 























Appendix A. Figure 3. CG16899, a Drosophila homolog of FoxP1, 
expression patterns in leg motor neurons. 
 
The Genomic region between the alphatub85E translation stop site and the 
translation start site of CG16899 (FoxP) was cloned into a Gal4 vector. CG16899 
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In Drosophila, there are plenty of enhancer trap lines in which transposons 
harboring Gal4, a yeast transcription factor, are inserted into enhancer regions of 
endogenous genes that can faithfully recapitulate their endogenous expression 
patterns (Brand and Perrimon, 1993). Along with cell biology tools, such as 
immunostaining and in situ hybridization, these enhancer trap lines provide an 
alternative and powerful genetic tool for examining gene expression patterns. 
These Gal4 lines should allow us to identify candidate genes expressed in motor 
neuron lineages. However, these Gal4 lines are usually expressed in too many 
cell types preventing the identification of motor neurons. In addition, Gal4 lines 
can be transiently expressed in the motor neuron lineage making it difficult to 
identify its expression at the adult stage. To overcome these shortcomings, I 
developed a new genetic tool for visualizing Gal4 expression, even if transient 
one. In this new tool, the transcription activator LexAVP16 (Lai and Lee, 2006) is 
driven by the Vglut enhancer, which is constantly expressed in nearly all MNs 
and some other neurons including interneurons and sensory neurons. A 
transcriptional > STOP > cassette (Struhl and Basler, 1993) is inserted between 
the Vglut enhancer and LexAVP16 coding region such that only FLP 
recombinase driven by Gal4 transgenes will flip out a transcriptional stop 
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cassette releasing LexAVP16 expression in a permanent manner (Schematized 
in Fig. 1). From the pilot Gal4 line screening I found Hb9 Gal4 is expressed in 
nearly all of leg motor neurons (Fig. 2). However, Hb9 Gal4 is not expressed in 
leg motor neurons during adult stages (Fig. 3) suggesting that Hb9 Gal4 is 
transiently expressed during leg motor neuron development. In order to examine 
the temporal expression pattern of Hb9 Gal4, I included a Gal80ts transgene, a 
temperature sensitive Gal80 allele, in this system that I developed. Gal80ts, which 
is functional at 18°C and non-functional at 28°C, inhibits the Gal4 activity when it 
is functional. Through the use of Gal80ts I could capture Hb9 gal4 activity within a 
narrow time window; I found Hb9 Gal4 is expressed around 2nd and 3rd instar 














Materials and Methods 
Fly stocks 
In order to do Gal4 line screening, we used the following genotype: 
Vglut>cd2 stop y+>LexAVP16 LexO CD8GFP; Vglut>cd2 stop y+ 
>LexAVP16LexO CD8GFP UAS-flp; Vglut>cd2 stop y+>LexAVP16 LexO 
CD8GFP.  
5.9kb upstream region from the Vglut translation start site was cloned into pBS-
LexAVP16 vector (Lai and Lee, 2006) using the Kpn I site.  
FRT flip-out cassette (> cd2 stop y+>) from FC17 plasmid (from Gary Struhl) was 
cloned also the Kpn I site by doing partial digestion. 
mCD8GFP from pBS-mCD8GFP (from Linquin Luo) was cloned into pLOT vector 
(Lai and Lee, 2006) using Xho I and Xba I sites.  
 
Gal4 lines from Brian McCabe lab and Mann lab were used.  
 
Primer sequences for cloning Vglut enhancer region were: 
Vglut-F: GATC AGA TCT TAG ATG CTA CTA CTT TGG AGA T  
Vglut-R: GATC GGT ACC CTT GCT GCT CAG CTA GTA GT 
 
CNS dissection and imaging  
Adult flies were pre-fixed for 15 min at RT before dissecting the CNS.  






Appendix B. Figure 1. Schematic diagram for Gal4 line screening.  
Any Gal4 line itself does not produce GFP. Vglut-LexA line does not produce 
GFP by itself. Once Gal4 line and Vglut-LexA lines are crossed, flip out cassette 
is flipped out by the flip recombinase driven by the Gal4 activity.  
Vglut is turned on motor neurons constitutively. By using this system, we can 
capture Gal4 activity only in motor neurons and can capture any transient Gal4 





















Appendix B. Figure 2. Gal4 line screening results 
Gal4 lines were crossed to Vglut-LexA lines. Dorsal and Ventral half of CNS Z-

























Appendix B. Figure 3. Temporal expression patterns of Gal4 lines. 
Hb9 Gal4 is transiently expressed in leg MNs. In order to examine when Hb9 
Gal4 activity is turned on and off, Hb9 Gal4 activity is release only in a narrow 
time window by removing Gal80 activity, which is a Gal4 repressor. Gal80ts is a 
temperature sensitive Gal80 allele. Progeny from the crossings between Hb9 
Gal4 and Vglut LexA VP16 lines were incubated at 18°C before they were 




















Appendix C.  




To complement immunostainings against candidate genes and Gal4 line 
screenings, I did a genome-wide gene expression profiling in order to find leg 
motor neuron lineage specific molecular markers. For this I did microarray 
experiments with motor neurons in Lin A that account for 28 leg motor neurons, 
which are easily recognizable and from which a reasonable amount of total RNA 
is easily obtainable (Schematized in Fig. 1). Transcription factors expressed in 
neuroblasts are transmitted to their progeny and regulate the progeny identities 
(Grosskortenhaus et al., 2005). In order to find molecules involved in early leg 
motor neuron development, possibly also expressed in neuroblasts, I used larval 
stage Lin A motor neurons for doing microarray experiments. In order to find 
genes expressed specifically in leg motor neurons, first I compared the 
expression profile of Lin A motor neuron to the expression profile of the entire 
larval CNS. However in this comparison, I might also enrich genes expressed 
specifically in larval born neurons. In order to overcome this problem, second I 
compared the expression profile of Lin A to the expression profile of larval born 
non-Lin A neurons (pools of non-Lin A neurons) (Fig. 2). However, in this 
comparison I cannot include all non-Lin A neurons because I captured only Vglut 
+ neurons.  
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Materials and Methods 
Fly stocks 
Unless otherwise noted, fly stocks were obtained from the Bloomington Stock 
Center. 
yw hs-flp FRT19A  
w hs-flp tubGal80 FRT19A 
Vglut-Gal4 (also called OK371-Gal4) (Mahr and Aberle, 2006) 
UAS-CD8GFP (on II) 
 
MARCM clone generation and Sample preparation 
In order to generate leg MN clones, we used the following genotype: 
yw hs-flp FRT19A/ w hs-flp tubGal80 FRT19A ; Vglut-Gal4 UAS-CD8GFP; UAS-
CD8GFP  
Clones were induced by giving heat shocks for 1hr at 37°C. Embryos were 
collected for 12hrs and incubated for a day at 25°C before giving heat shocks.  
 
Microarray 
Larvae containing Lin A clones were preselected under fluorescence dissection 
scopes. CNS was further dissected out; brains and abdominal segments were 
removed. 15-20 CNS samples were transferred into 150µl Elastase (4mg/ml, 
Sigma Aldrich), and were mixed 30 times using 25G needle with 1ml syringe. 
150µl of EBBS was added and mixed 3 times and was incubated for 10 minutes. 
500µl of EBBS was added and cells were spun down at the speed of 8000g for 5 
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min in a cold room. 500µl of 1X PBS (0.5% BSA) was added and cells were spun 
down. 500µl of 1X PBS (0.5% BSA) was added and was incubated on ice for 
5min. Tissue debris was removed using 50µm filter.  
Dissociated cells were FACS sorted into 500µl Trizol LS (Invitrogen). 10 µg of 
LPA was added, and Phenol/Chloroform extraction and isopropanol precipitation 
were done. 1~5ng of total RNA was harvested and was used for amplification 
using linear PCR methods (Nugen Ovaton Pico system), which usually generated 
10µg of amplified cDNA. 5µg of amplified cDNA was used for hybridization on the 
Drosophila Genome 2.0 Array (Affymetrix). Hybridization and scanning steps 
were done in Irving Cancer Research Center at Columbia University. 
 
Data analysis 
Signals were normalized using gcRMA method.  
T-test (p. value <0.05, mean intensity > 3.0 at least one sample out of 10 
samples) and clustering analysis were done using Mev (http://www.tm4.org). 
Geneontology analysis was done using Gene Ontology Enrichment Analysis 












Appendix C. Figure 1. Schematic diagram of Microarray analysis. 
Pure Lin A clones were generated and sorted out Lin A cells using GFP based 
FACS sorting.  























Appendix C. Figure 2. Transcription related genes expressed differentially 
between Lin A and non-Lin A cells. 
 
Transcription related genes significantly enriched or down-regulated (1.5 folds 
difference) Lin A MNs compared to non-Lin A cells were selected using 
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